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Abstract
As reactive nitrogen amounts in the stratosphere increase, accurate mea-
surements of these trace gases is of high importance. The SCIAMACHY
(SCanning Imaging Absorption spectroMeter for Atmospheric CHartog-
raphY) instrument on ENVISAT (European Environmental Satellite) per-
forms measurements in limb geometry since 2002, providing global cover-
age of NO2 retrieval results every six days.
In this study, a novel approach to improve the sensitivity of SCIAMACHY
NO2 limb retrieval results at the UTLS (Upper Troposphere/ Lower Strato-
sphere) altitude layer is described. Additionally, the current NO2 limb re-
trieval product is validated in detail and both methods are used for case
studies at the North Atlantic region.
In the new approach, two spectral regions (420 nm to 470 nm and 520 to
560 nm) are analyzed instead of one (420 nm to 470 nm) in the current NO2
limb retrieval product V3.1. This is done, as the atmosphere gradually be-
comes optically thick for short wavelengths at lower altitudes. However,
as the V3.1 product version is considered optimal at the 20 to 40 km al-
titude range, it is used as a priori profile in the new version with strong
constraints at these altitudes.
For this reason, both NO2 limb retrieval versions need to be validated thor-
oughly. Airborne instruments on airplanes and balloons provide data for
a localized analysis, while a global validation study is performed with
three satellite-based solar occultation instruments (SAGE II, HALOE and
ACE-FTS). The strong diurnal cycle of NO2, however, necessitates model-
based photochemical corrections to allow the comparison of different in-
struments at different times and different solar zenith angles.
While lightning events are discussed, the North Atlantic region is studied
in more detail. Due to the variability of NO2, each season is analyzed indi-
vidually, using averaged NO2 amounts from up to 7 years. At an altitude
of 12 km, an enhanced NO2 pattern is seen and discussed at the location of
the North Atlantic flight corridor.
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1Introduction
The Earth atmosphere makes this planet unique in the solar system, as it provides
an environment in which mankind can live and survive. Its constituents are very
important for nature and an investigation even of the lesser abundant trace gases is
important.
Nitrogen dioxide (NO2), a very reactive trace gas in the atmosphere, is mostly
known for its influence on ozone concentrations. It is usually discussed together with
nitrogen monoxide (NO) as the family NOx with NOx = NO + NO2, while NOy is the
sum of all reactive nitrogen oxides, which includes species such as NO, NO2, NO3,
N2O3, N2O5, and HNO3. The family NOx is linked by several reactions and converted
into each other during the day depending on sunlight. It is the major source of ozone
depletion in the stratosphere (Crutzen, 1970), but ironically the same gases lead to
ozone formation in the troposphere if specific conditions are present (Crutzen, 1979).
Tropospheric ozone is rather problematic than useful, as it is a toxic gas.
Depletion of ozone is a problem at higher altitudes. However, the ozone (O3) hole
over the Antarctic region is largely caused by chlorofluorocarbons (CFCs). CFCs in
the atmosphere are of anthropogenic origin, and were widely used as refrigerants,
propellants (in aerosol applications) and solvents.
The ozone layer is important as it shields us from UV-B radiation, which can lead
to skin cancer and other related illnesses. Wildlife is also affected by this. With the
Montreal protocol, CFCs were banned from industrial production, which highlights
the importance of an investigation of the atmosphere. Without measurements and
careful analyses of the atmosphere such problems would not be discovered. As men-
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tioned before, the influence of NOx on the ozone concentrations is quite significant, it
is responsible for 70% of the ozone loss in the stratosphere (Portmann et al., 1999).
Most stratospheric NOx originates fromN2O, as the N2O lifetime (about 125 years)
is long enough to be transported to high altitude levels in significant amounts. As it
is stated in Fahey & Hegglin (2011), while the ozone depleting substances (ODS) con-
trolled by the Montreal Protocol still dominate ozone depletion, current N2O emis-
sions result in more ozone depletion than the current emissions of any ODS. With the
ban of ODS, N2O emissions (of which two thirds are anthropogenic) have become the
most important emissions of an ozone depleting compound. Contrary to the ODS, the
N2O amount in the atmosphere is increasing with 0.8 ppb per year, and has reached a
level of 320 ppb compared with 270 ppb from preindustrial times, see WMO (World
Meteorological Organization) (2011). Although this leads to increased stratospheric
NOx levels, the reduction of ODSs as a result of the Montreal protocol dominates the
change of ozone levels. N2O is also an important greenhouse gas. For CO2, one of
the most important greenhouse gas, emissions from anthropogenic activities between
1750 and 2050 have resulted in an additional radiative forcing of 8 W per m2. In the
same timeframe, anthropogenic emissions of N2O have led to additional radiative
forcing of about 1 W per m2, which cannot be ignored, see Fahey & Hegglin (2011).
However, N2O is not the only source of NOx. Since the atmosphere consists mainly
of nitrogen (N2) and oxygen (O2), the formation of NOx takes place naturally. High
temperatures are all that is needed and therefore combustion engines as well as light-
ning can easily produce NOx. With the introduction of three-way-catalytic converters
for internal combustion engines this production is somewhat lowered. However, NOx
is still found in vast amounts over regions with high industrial activity (Richter et al.,
2005). According to Reis et al. (2009), a steady decrease of NOx emissions over Europe
and the USA in the timeframe from 1990 to 2005 is offset by an increase of emissions
from China.
It is therefore of high importance to know the NO2 amounts in the atmosphere as
precisely as possible. Balloon measurements are available, but these can only produce
a limited number of profiles (Butz et al., 2006). Satellite instruments, such as SCIA-
MACHY (SCanning Imaging Absorption spectroMeter for Atmospheric CHartogra-
phY) (see section 2.2, and Bovensmann et al., 1999; Burrows et al., 1995) on the Euro-
pean environmental satellite ENVISAT, provide a high number of measurements over
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several years. In contrast to solar occultation instruments (e.g. SAGE II, ACE-FTS,
HALOE), SCIAMACHY can be operated in limb mode, which uses solar straylight
and combines a high vertical resolution of 3.3 km with a very good global coverage.
Other satellite instruments, that can retrieve NO2 concentrations in limb mode are
OSIRIS on Odin and MIPAS on Envisat.
A retrieval method which generates NO2 data sets from the largest possible alti-
tude region in a reliable way is the key in making usage of SCIAMACHY’s large data
set to analyze and monitor the NO2 concentrations in the atmosphere.
While the stratosphere and the troposphere are well explored regarding NO2, the
altitude region at the border of these two atmospheric layers at around 10 to 15 km is
more difficult to investigate. This area around the tropopause is known as the Upper
Troposphere/Lower Stratosphere region (UTLS). In this work, both an accurate inves-
tigation of the performance of the current SCIAMACHY NO2 limb retrieval processor
(Version 3.1) mainly in the 20 to 40 km range is performed, and in addition, improve-
ments in the retrieval for an enhanced sensitivity in the UTLS range are implemented
and investigated.
In order to validate NO2 retrieval results and to performmeaningful comparisons,
the strong diurnal variation of this species must be considered. Therefore, a model to
calculate the NO2 change between two collocated measurements is used and its per-
formance is investigated. The influence of several error sources on retrieved NO2 pro-
files is discussed, applying a synthetic retrieval to several error scenarios, including
clouds, pointing errors and aerosols. This includes the simulation of clouds outside
the field of view, which in a real measurement cannot be avoided by applying simple
cloud-masking methods.
Although the approach discussed here is not the first attempt to investigate the
NO2 amounts in the UTLS altitude region (Sioris et al., 2007), this study shows several
new key features in this research field. To improve the NO2 retrieval process for the
UTLS altitude region, among other changes the inclusion of a second spectral region
at 520 to 560 nm besides the original window from 420 to 470 nm is implemented. This
novel approach deals with the wavelength-dependent atmospheric scattering, which
is the most important problem for the NO2 retrieval at the UTLS altitude region.
Using the thoroughly investigated data sets, case studies are performed. The main
focus region of these is the North Atlantic, and an enhanced NO2 amount is seen in
3
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the UTLS altitude region. Both the current retrieval processor and the version adapted
for the UTLS region are applied. The influence of cloud masking, which is included in
the V3.1 SCIAMACHY NO2 limb retrieval results, is also investigated.
This work is divided into five chapters. Following this introduction (Chapter 1),
the chemistry of NO2, as well as currently usedmethods for NO2 retrieval, is described
in Chapter 2. The methods and data sources needed for this work are explained there,
as well. In Chapter 3, sensitivity studies are described to estimate the influence of
several error sources on the NO2 retrieval results, as well as to evaluate improvements
for the NO2 retrieval. A modification for the NO2 retrieval process is introduced,
which improves the sensitivity for the UTLS altitude region. A program to compute
different NO2 concentrations caused by the diurnal variation of NO2 is presented. In
Chapter 4, the validation of NO2 retrieval results is performed using the data sources
described in Chapter 2. Different case studies of enhanced NO2 concentrations in
the UTLS region are studied, including overviews of the NO2 amounts for the whole
North Atlantic region. Finally, Chapter 5 summarizes the main results of this work.
4
2Background
2.1 Chemistry of NO2
Nitrogen dioxide (NO2) is a highly reactive trace gas in the atmosphere. Although
its main constituents nitrogen and oxygen are the most common gases in the air, an-
thropogenic sources play an important role for the abundance of NO2. In this section,
the reactions of NO2 and NO are investigated in detail. Since NO2 and NO are linked
through several reactions, in which both species form a reservoir for each other, it is
common to discuss NOx, which is NO2+ NO. NOx plays a very important role in the
depletion of ozone in the stratosphere, but can also lead to increased amounts of ozone
at lower altitudes. Additionally, with NOy the sum of all reactive nitrogen oxides is
described, which includes the species NO, NO2, N2O, NO3, N2O3, N2O5, and HNO3.
In the stratosphere, NOx is responsible for up to 70% of the ozone loss, see Crutzen
(1970); Portmann et al. (1999) The NOx reactions dominating the catalytic ozone de-
struction between about 25 and 40 km are:
NO+O3 → NO2 +O2 (2.1)
NO2 + hν → NO+O (2.2)
NO2 +O → NO+O2 (2.3)
It can be concluded, that knowledge about NOx and also NO2 alone is important be-
cause of its large effect on the ozone concentration. Also, NOx is responsible for the
formation of ozone in the tropospheric altitude regions. The reason for this is the pres-
ence of peroxy radicals (HO2 and its homologues RO2) in the troposphere, which take
5
2. BACKGROUND
part in the following reaction:
RO2 +NO→ RO+NO2 (2.4)
Thus, at a certain altitude (the turnover point) NOx switches its role from ozone de-
pletion to ozone formation. To understand this, the process will be described step by
step. In the troposphere, ground state (3P) oxygen atoms react with oxygen molecules:
O(3P) +O2 +M→ O3 (2.5)
M in this equation is a highly energetic third body needed for the reaction. So each
photolysed NO2 molecule (see reaction 2.2) can lead to the formation of an ozone
molecule, at least in the troposphere. On the other hand reaction 2.1 depletes ozone by
oxidization of NO to NO2. The reactions 2.1, 2.2 and 2.5 provide a ’photo-stationary’
state between NO and NO2 with the ratio [NO]/ [NO2], called the Leighton ratio. In
a stationary state the rate of NO2 production P(NO2) and NO2 destruction D(NO2)
must be equal:
P(NO2) =
d
dt
[NO2] = k3 · [O3] · [NO] (2.6)
D(NO2) = −
d
dt
[NO2] = −j1 · [NO2] (2.7)
In these equations, k3 and j1 are the reaction rate constants. This leads to:
P(NO2) = k3 · [O3] · [NO] = −D(NO2) = j1 · [NO2] (2.8)
and finally:
L0 =
[NO]
[NO2]
=
j1
k3 · [O3]
(2.9)
During daytime, NO and NO2 are rapidly converted into each other and it is thus
straightforward to discuss the sum of these two species as NOx. In this work, only
NO2 will be investigated, since there are no spectral features of NO in the spectral
range of SCIAMACHY.
Another important point is that reaction 2.2 depends on the presence of photons,
i.e. during the day the ratio between NO and NO2 changes. As discussed by Brohede
et al. (2007b), in the absence of sun light at nighttime, the remaining NO is converted
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to NO2, until NO is practically depleted. Additional chemistry during the night leads
to a slow decrease in NO2, converting NO2 to several reservoir species:
NO2 +O3 → NO3 +O2 (2.10)
NO2 +NO3 +M↔ N2O5 +M (2.11)
NO2 +OH+M→ HNO3 +M (2.12)
At daytime, NOx is regenerated from these species via photolysis.
NO3 + hν → NO+O2 → NO2 +O (2.13)
N2O5 + hν → NO3 +NO2 (2.14)
HNO3 + hν → HO+NO2 (2.15)
While the conversion of NO3 after sunrise is fast and the NO3 is rapidly depleted, the
conversion of N2O5 is slower.
The third reservoir species is nitric acid (HNO3). In the lower stratosphere, when
polar stratospheric cloud (PSC) particles are formed with HNO3, depletion of NOy
(called denitrification) occurs, when these particles are deposited. This also includes
the depletion of NOx.
It is important to discuss the variation of NO2 in the stratosphere, which not only
changes during the day, but also shows a seasonal cycle. For example, stratospheric
NO2 levels in the Northern Hemisphere in winter are lower than in summer, as al-
ready seen by Noxon (1975). Furthermore, the NO2 columns increase with increas-
ing latitude in Northern Hemisphere summer (i.e. June, July, August), while they
decrease with increasing latitude during Northern Hemisphere winter (December,
January, February). Additionally, in Noxon (1979) it was found that during winter
this decrease is especially steep at latitudes around 40◦ to 45◦, which is known as the
Noxon-cliff.
In order to demonstrate such a (Northern Hemisphere) winter gradient, Figure 2.1
shows the integrated NO2 values from limb measurements from 20 to 40 km in 1 km
steps for a longitude range from 120◦ W to 80◦ W and December 2005. As discussed
before, stratospheric NO2 values decrease from South to North. A steep edge close to
40◦ N is seen, which can be identified as the Noxon-cliff, although its location is shifted
south when compared to the results in Noxon (1979). Additionally, a plot showing the
7
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Figure 2.1: For a longitudinal range from 120◦ W to 80◦ W, all SCIAMACHY NO2 limb
profiles are averaged into 5◦ latitude bins for December 2005 and summarized over the
altitudes between 20 and 40 km. Cloud-contaminated profiles are not included.
averaged NO2 profiles before summation is seen in Figure 2.2. It becomes clear, that
most NO2 is accumulated in the stratosphere, mostly close to 30 km.
The combined NOx is long-lived in the lower stratosphere and accumulates in
northern latitudes due to poleward transport of air from equatorial regions. This ex-
plains the summer gradient of stratospheric NOx (and hence, NO2). In winter, the
situation is reversed, and two reasons can be identified for that. First of all, nights are
longer and days shorter, so there is more time for Reaction 2.11 and less time for Re-
action 2.14 on each day. Secondly, the temperature dependence of Reaction 2.14 also
slows down the formation of NO2. Thus, in winter times at northern latitudes NOx is
basically trapped in the reservoir species. If this air is transported southwards, with
higher temperatures and shorter N2O5 lifetimes, the accumulated N2O5 is converted
to NOx, which leads to the formation of the Noxon-cliff as mentioned before.
It is worth to note, that the Noxon-cliff was discovered in the 70s, years before
the ozone hole. As Solomon (1999) states, the chemistry of the Noxon-cliff was not
understood at that time, and its existence and the lack of stratospheric NO2 at southern
high latitudes during southern winter are linked to the ozone hole, which was not
discovered until almost 10 years later (Farman et al., 1985). Solomon (1999) concludes,
8
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Figure 2.2: The averaged NO2 profiles from Figure 2.1 before summation
had the chemistry of stratospheric NOx been understood earlier, the existence of the
ozone hole could have been predicted before measurements revealed it.
Although the presence of NO2 in the stratosphere leads to the destruction of ozone,
the catalytic reactions involving Cl and ClO (key species in the ozone hole formation)
are far more effective for O3 depletion and with a reaction involving NO2, ClO is
converted to a reservoir species:
ClO+NO2 + M → ClONO2 +M (2.16)
The ozone hole is more pronounced above the Southern Hemisphere, but dangerously
low ozone concentrations are also observed above the Northern Hemisphere, depend-
ing on the conditions.
For the investigation of NO2, the diurnal variation outlined in this chapter causes
an additional challenge, asmeasurements need to be validated and twomeasurements
are usually not performed at the same time and geolocation. This proves to be a prob-
lem for validation, see sections 3.2 and 4.1. Based on a two dimensional chemical
transport model, an example of the diurnal variation is given in Fig. 2.3 for an altitude
of 30 km. The NO2 concentration (black) is very sensitive to the local time. The solar
9
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Figure 2.3: This figure shows the change of NO2 over the course of one day, simulated for
an altitude of 30 km, 66◦ N in May.
zenith angle (SZA) is shown as a red curve in the same graph. The SZA is the angle
between the local zenith and the line of sight to the sun. Depending on the position
of the observer, at a value of about 90◦ the changeover between night and day occurs,
which is the reason for the significant variation in NO2 values. Figure 2.4 shows the
same scenario for an altitude of 16 km. NO2 values change noticeably, but the relative
change is lower than in the 30 km example. The difference in the NO2 behaviour is
most likely related to a different temperature and a different concentration of reservoir
species (N2O5, HNO3) at the two example altitudes. Depending on the conditions, the
shape of this diurnal cycle can look quite different, as seen in (Brohede et al., 2007b,
,page 1256), where the NO2 variation at 15 km is the most symmetrical.
As already mentioned, at lower altitudes reaction 2.4 will lead to the formation of
ozone, since NO is oxidised to NO2 instead of favouring reaction 2.1, which depletes
ozone. This is the reason, why the NO and indirectly NO2 produced by the current
subsonic aircraft fleet by combustion increases the ozone concentration. In cruising al-
titudes this increase is estimated to be around 6% compared to an atmosphere without
aircraft emissions (Houghton et al., 2001).
If airplanes flew higher, ozone depletion would be dominating. This would be the
case for a potential airplane fleet with a larger percentage of supersonic airplanes, as
10
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Figure 2.4: Using the same scenario as for Fig. 2.3, the diurnal variation of NO2 is plotted
for an altitude of 16 km.
in that case higher flight altitudes are more economic, see Søvde et al. (2007).
Acid rain and smog are also related to nitric oxides (NOx), but since this work
concentrates on the upper troposphere/ lower stratosphere (UTLS) altitude region,
these two effects are not discussed here in detail.
The role of NOx as a greenhouse gas
For the discussion of greenhouse gases, the concept of radiative forcing is important.
Its definition is given in Myhre et al. (1998) as: ’The radiative forcing of the surface-
troposphere system due to the perturbation in or the introduction of an agent (say, a
change in greenhouse gas concentrations) is the change in net (down minus up) irra-
diance (solar plus long-wave; in Wm−2) at the tropopause after allowing for strato-
spheric temperatures to readjust to radiative equilibrium, but with surface and tropo-
spheric temperatures and state held fixed at the unperturbed values.’
If one wants to investigate the role of NOx as a greenhouse gas, the indirect radia-
tive forcing is more important than the direct radiative forcing by NOx itself, since the
concentrations of ozone and methane are changed by the presence of NOx. Figure 2.5
shows how a change in ozone affects the surface temperature, depending on the al-
titude. At tropopause altitudes, an enhanced ozone concentration would lead to the
11
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Figure 2.5: This figure shows how a change in ozone concentration will affect the surface
temperature. The ozone perturbations are shown in absolute (panel a) and relative (panel
b) values. Source: Houghton et al. (2001)
strongest increase in surface temperature. For aircraft emissions, the radiative forcing
has been investigated by Penner (1999), and the results are shown in Fig. 2.6. For the
reasons given before, the radiative forcing of NOx in this figure is given as indirect
radiative forcing.
Sources of NO2 in the atmosphere
The main sources of NO2 in the UTLS region are lightning events, biomass burning
and anthropogenic sources mostly in the form of internal combustion engines, see
Manahan (1991). Very high temperatures lead to the following reaction:
N2 +O2 → 2NO (2.17)
The reactants in this equation are the major components of the air and thus always
present. Dry air within several kilometres from ground level consists mostly of nitro-
gen (78.08% by volume) and oxygen (20.95%). The NO produced in Reaction 2.17 is
partly converted to NO2, resulting in a photo-stable-equilibrium of both species, see
page 6.
With respect to the UTLS altitude region, aircraft emissions are considered as the
most important anthropogenic NOx source. Althoughmore NOx is produced by ships
12
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Figure 2.6: The radiative forcing from aircraft emissions is shown here. Note that NOx
emissions contribute indirectly to radiative forcing, as those emissions change the con-
centrations of ozone (O3) and methane (CH4). Source: Penner (1999)
and car engines, those emissions usually don’t reach the UTLS region, but are for
example washed out as acid rain. This is not always true, since there are weather
phenomena, where anthropogenic ground NOx emissions may reach the UTLS. One
such event is the so-called ’meteorological bomb’ (Stohl et al., 2003)), in which signifi-
cant amounts of emissions from the North American East coast reach the stratosphere
(which is otherwise unlikely) and are transported rapidly to Europe. The enhanced
NOx mixing ratios over Europe due to this phenomenon are expected to be around
2–3 pptv in winter.
Another possibility for NOx to reach the lower stratosphere are biomass burning
events. An example for this is described by Fromm et al. (2005), when in 1998 smoke
from such an event reached the stratosphere, presumably along with NOx. There are
also newer events of this kind in the measurement time of SCIAMACHY, which was
not yet active in 1998. Similarly, strong volcanic eruptions are capable of injecting
smoke and NOx into the stratosphere.
13
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There is another source of NOx (however with direct production) close to or in the
UTLS region, which are the lightning events. During this natural phenomenon, NOx
is produced locally in significant amounts (Sioris et al., 2007).
For the sensitivity studies in section 3.3.1 estimates for the NOx sources are needed
to determine the ability of the retrieval to detect the enhanced NO2 generated by these
sources. In Gauss et al. (2006), model calculations are performed estimating the impact
of emissions from subsonic aviation on the chemical composition of the atmosphere.
Figure 2.7 shows, that airplane emissions in the North Atlantic flight corridor are high
compared to other flight corridors, because a huge amount of traffic (between North
America and Europe) is concentrated there. For this reason, the focus in section 4.3
is on the North Atlantic region. Also quantitative estimates on aircraft emissions are
gathered from these model calculations, which provide the necessary information (es-
timated NO2 perturbation) for sensitivity studies in section 3.3.1.
In most NO2 vertical profiles the maximum of NO2 is at about 20 to 30 km as seen
for example in Fig. 2.2, i.e. in stratopsheric regions. The major source of stratospheric
NO2 is the reaction of photochemically-produced excited oxygen atoms with nitrous
oxide (N2O), also known as laughing gas, see Manahan (1991).
N2O+O → 2NO (2.18)
N2O is the major source of stratospheric NO2, as the atmospheric lifetime of tropo-
spheric NO2 is too short to reach the stratosphere at significant levels under normal
conditions. As discussed in Montzka et al. (2011), N2O is not only an important green-
house gas, it is also the most important ozone depleting gas, that is not covered by the
Montreal Protocol, see Ravishankara et al. (2009). However, reduction of N2O is part
of the Kyoto protocol, and anthropogenic sources of N2O are mostly of agricultural
origin. It should be noted, that the additional N2O emissions from bio-fuel produc-
tion most likely negate the desired advantages with respect to emissions from fossile
fuel burning, see Crutzen et al. (2007).
At even higher altitudes (upper stratosphere and mesosphere), ions and ionizing
radiation are important as a source of NO (and hence, NO2). As this altitude region is
not investigated in this work, this is only mentioned for completeness.
14
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Figure 2.8: Due to high resolution and a wide wavelength range many different trace
gases can be detected with SCIAMACHY. The spectral range of its predecessor GOME is
displayed for comparison. Figure provided by Stefan Noe¨l.
(Gottwald et al. (2006)). It is a spectrometer aimed at the detection of a wide range
of atmospheric trace gases, as shown in Fig. 2.8.
In six overlapping channels SCIAMACHY covers the spectral range from 214 nm
to 1773 nm, see Table 2.1. There are two additional non overlapping channels in the
short-wavelength infrared region covering 1934 to 2044 nm and 2259 to 2386 nm.
SCIAMACHY is operated in three different viewing geometries, in nadir, limb and
occultation which are shown in Fig. 2.9. The instrument is operating in one of these
modes at a time. During one orbit, it alternately switches between nadir and limb
geometry.
• Nadir: If operated in nadir, SCIAMACHY measures stray light directly from be-
low the instrument in a 960 km wide swath (orthogonal to the flight direction
16
2.2 The SCIAMACHY instrument on ENVISAT
Figure 2.9: This figure shows the three different viewing geometries, that are possible
with SCIAMACHY: nadir, limb and occultation. Figure provided by Stefan Noe¨l.
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Channel Spectral Resolution Stability Temperature
range (nm) (nm) (nm) Range (K)
1 214 - 334 0.24 0.003 204.5 - 210.5
2 300 - 412 0.26 0.003 204.0 - 210.0
3 383 - 628 0.44 0.004 221.8 - 227.8
4 595 - 812 0.48 0.005 222.9 - 224.3
5 773 - 1063 0.54 0.005 221.4 - 222.4
6 971 - 1773 1.48 0.015 197.0 - 203.8
7 1934 - 2044 0.22 0.003 145.9 - 155.9
8 2259 - 2386 0.26 0.003 143.5 - 150.0
Table 2.1: Properties of all available SCIAMACHY science channels. For SCIATRANNO2
retrieval only the channels 3 and 4 are used. Table source: Gottwald et al. (2006)
of ENVISAT). The horizontal resolution is 30 km in flight direction and 60 km
orthogonal to flight direction. (Fig. 2.9, upper plot)
• Occultation: In this mode the SCIAMACHY instrument points at the sun or the
moon directly through the atmosphere. With a horizontal resolution of 30 km
and a vertical resolution of about 2.5 km this viewing mode provides the high-
est spatial resolution. However, occultation measurements are only possible at
sun/moon rises (seen from the instrument), so the spatial coverage is lower com-
pared to limb mode. (Fig. 2.9, lower panel)
• Limb: In this viewing geometry, the instrument is pointed tangential to the Earth,
but the sun as the light source is not positioned in viewing direction, i.e., stray
light is used for detection of trace gases. A mirror system projects the spec-
trometer slit parallel to the horizon. The limb mirror scans the atmosphere in
horizontal (azimuth) direction over 1.5 seconds. After each scan, the elevation
mirror makes a step of 3 km in tangent height. A typical limb measurement con-
sists of 34 horizontal scans, which start approximately pointed 3 km below the
horizon. Each scan covers a 960 km wide range in horizontal direction. Deter-
mined by integration time, these scans have a resolution of 240 km. The vertical
resolution is about 3 km. Resolution and coverage refer to the tangent point.
(Fig. 2.9, middle panel)
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For this thesis the limb viewing geometry is used, as it combines a relatively good
vertical resolution (about 3 km) with a good spatial coverage. This is advantageous
if the vertical structure of atmospheric NO2 amounts is studied, which is more dif-
ficult to investigate in nadir geometry. Nadir measurements are well suited for the
detection of tropospheric vertical columns of NO2 and have been used with great suc-
cess to show the increasing NO2 over China, see Richter et al. (2005). Tropospheric
NO2 proves to be more difficult to detect in limb mode due to physical reasons (see
Fig. 3.12 and section 3.3).
Figure 2.10: The limb viewing geometry used in this work is illustrated in more detail
here. The sketch shows the 960 kmwide field of view at the tangent point. The 3 kmwide
scans do not overlap. Figure provided by Stefan Noe¨l.
2.3 Cloud detection: SCODA
Results from SCODA (SCIAMACHYCloudDetectionAlgorithm) are already included
in the current Bremen NO2 product version. This cloud retrieval is performed using
the same the same instrument in the same viewing geometry as the NO2 retrieval.
This cancels out a number of possible uncertainties, as the measurements used for
19
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cloud and NO2 retrieval are perfectly matched geometrically. Therefore, SCODA is
expected to be the best available cloud detection product for cloud masking of SCIA-
MACHY NO2 limb retrieval results. SCODA can also be applied for the detection of
noctilucent clouds (NLC), the highest clouds in the Earth’s atmosphere, as mentioned
by Eichmann et al. (2009), along with a wide range of cloud types. In the following, a
description of the algorithm is given.
The core of the algorithm is the use of the different light scattering properties of
cloud particles compared to scattering by gaseous species like oxygen or nitrogen.
Neglecting clouds (and aerosols with large particle sizes), scattering in the atmosphere
can be described by Rayleigh scattering (page 39, Houghton, 2002).
Similar to solar radiation modified by absorption, scattering can be described by
I = I0 exp(−
∫
σρ dz) (2.19)
with ρ as the number density of the absorber, dz as the path length through the atmo-
sphere, I0 as the light intensity before scattering, and I as the intensity after scattering.
The scattering coefficient σ is of main interest here. In the case of Rayleigh scattering,
σ can be described by
σR =
32pi2
3N0λ4ρ0
(n− 1)2. (2.20)
In this equation N0 is the number of molecules per unit volume, ρ0 the density of air
and n the refractive index. Notice the strong wavelength dependence with λ−4. Blue
light is scattered about 9 times stronger than red light, which is also the reason why
the sky is blue.
If the size of the particle is of the same order of magnitude or larger than the wave-
length of the scattered light, Rayleigh scattering does not describe the results correctly.
For spherical particles, the Mie scattering theory (Mie, 1908) can be applied, which re-
sults in a wavelength dependence of λ−α with α between 0 and 4. This is also the case
for clouds (typical cloud droplet sizes are about 20 µm), which thus show a weaker
wavelength dependence than Rayleigh scattering particles. This dependence of the
spectral features on the particle sizes information on the cloud contamination of air
parcels can be retrieved.
The spectral regions used for this need to avoid strong absorber lines and should
not include shorter wavelengths (i.e. UV), as the atmosphere becomes optically thick
20
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for these wavelengths and low tangent heights. For general cloud detection, the wave-
length pair 1090 nm (λ1) and 750 nm (λ2) is commonly used. Additionally, the wave-
length pair 1550 nm and 1630 nm is chosen for the detection of ice clouds. The mea-
sured radiation is integrated over small spectral windows (2 - 4 nm) around these
wavelengths to improve the signal-to-noise-ratio. Fig. 2.11 shows the application of
the 1090 nm/750 nm wavelength pair for the detection of polar stratospheric clouds
(PSCs). However, larger spectral windows (around 10 nm) are applied in that case.
To detect clouds, the color index Rc is calculated from the intensities, depending
on tangent height (TH) with the intensity I and the wavelengths λ1 and λ2:
Rc(TH) =
I(λ1, TH)
I(λ2, TH)
(2.21)
Using the color indexes of two neighbouring tangent heights the color index ratio
Θ(TH) is calculated:
Θ(TH) =
Rc(TH)
Rc(TH + ∆TH)
. (2.22)
A cloud is detected if Θ(TH) is above a pre-selected threshold. An application for the
detection of polar stratospheric clouds (PSCs) can be seen in Fig. 2.12.
The SCODA cloud retrieval algorithm is capable of cloud detection in a most con-
venient way for our NO2 retrievals. Using these results one can discard all cloud
contaminated scenes. It is also possible to receive information about the cloud type
(e.g. water or ice) and to some degree the cloud coverage in the investigated area.
As cloud contamination is a valid concern for the quality of NO2 retrieval results, a
reliable method to detect clouds is important.
2.4 NO2 retrieval with SCIATRAN
The SCIATRAN software package (Rozanov, 2012) is both a radiative transfer model
and a retrieval algorithm, that can be adjusted for a wide selection of scientific tasks.
Although only the NO2 retrieval for limb mode is described in this section, certain
other features are also used in this work. The possibility to simulate spectra starting
with a given vertical NO2 profile is used for sensitivity studies (see section 3.3.1), and
the cloud simulation capabilities are adapted for cloud sensitivity studies (see section
3.1.1). The SCIATRAN NO2 retrieval described here is Version 3.1 and represents the
21
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Figure 2.12: Sample color index profiles (left panel, λ1 = 1090 nm and λ2 = 750 nm) and
color index ratio profiles (right panel) in case of PSC contaminated measurements (blue)
and a background profile (black). Source: von Savigny et al. (2005)
standard before improvements regarding UTLS sensitivity were implemented. The
version number must not be confused with the version number of the SCIATRAN
package. SCIATRAN V2.2 is used for the NO2 limb data product Version 3.1. In the
context of this work, the improved NO2 product version (see section 3.3.2) is desig-
nated as Version 3.2.
The aim of the retrieval process is to solve the inverse problem. It is far more diffi-
cult to compute the trace gas amounts from a set of measured spectra than generating
spectra given a known set of trace gases and their absorption features. The radiative
transfer equation, which provides the relation between radiance measured by the in-
strument and atmospheric parameters, needs to be inverted. Several algorithms and
solution methods are known, and two of them are used in this work, the information
operator approach (Doicu et al., 2007; Hoogen et al., 1999; Kozlov, 1983; Rozanov, 2001)
in Version 3.1 and the optimal estimation (Rodgers (2000), see also Figure 2.13) method
in Version 3.2. The focus in this chapter is on the information operator approach, but
both methods are discussed as they are essential for further discussion.
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A representation of the data model can be given as
y = F(x), (2.23)
where F is the radiative transfer operator, y the data vector and x the state vector.
x contains the atmospheric parameters to be retrieved, e.g. aerosol characteristics or
molecular density profiles, like NO2 vertical profiles. Instruments can only perform
measurements with a finite accuracy, therefore only a noise-contaminated data vector
yε is available:
yε = F(x) + ε. (2.24)
The retrieval process is divided into two major steps. The first is the pre- processing
step, which is performed to eliminate spectral features, which are not linked to the
retrieval parameters.
The main features of pre-processing can be described in an equation system as
follows:
{yε}NL(k−1)+L = ln
[
Imeas(λL, hk)
Imeas(λL, href)
]
− Pmeasn −
Ni
∑
i=1
sk,jWi(λL), (2.25)
{F(xa)}NL(k−1)+L = ln
[
Isim(λL, hk)
Isim(λL, href)
]
− Psimn , (2.26)
{K}NL(k−1)+L,j =
δ {F(x)}NL(k−1)+L
δ {x}j
∣∣∣∣∣
x=xa
− Pwfn , (2.27)
L = 1, . . . , NL, k = 1, . . . , Nk, j = 1, . . . , Nj,
This equations contain the spectral information for all spectral points λL for all used
tangent heights hk. As in the DOAS (Differential Optical Absorption Spectroscopy,
Platt, 1994) technique the uppermost tangent height href is used as a ’background’, i.e.
the limb radiances are normalized with respect to the radiance at this tangent height.
By this approach, the solar Fraunhofer structures are eliminated as a problem and the
influence of the instrument response function is reduced. No absolute calibration is
needed. This also reduces the problem of instrument degradation over the years of
operation in space. With the exception of the reference tangent height href, the pre-
processing is performed independently for each tangent height.
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Smoothly varying functions of wavelength (e.g. Rayleigh and Mie scattering) are
taken into account by polynomial subtraction, with a polynomial Pn of order n. In
the data model also a total number of Ni correction spectra are subtracted as Wi(λL)
to deal with features, which are not yet described in the model. Several instrument
effects (tilt, undersampling, spectral misalignment and others) are described this way
and also some natural phenomena, e.g., the Ring effect. Correction spectra are also
known as pseudo- absorbers, for more information on this topic see Haley et al. (2004);
Sioris et al. (2003). In the pre-processing step, the coefficients for the polynomials and
also the scaling factors for the spectral corrections are obtained by fitting the loga-
rithms of the normalized limb radiance in the wavelength domain for each tangent
height separately. Also, shift and squeeze corrections are applied.
NO2 is not the only important line absorber in the investigated spectral region of
420 to 470 nm. Another relevant absorber is ozone, which has to be retrieved in the
process, as well. The state vector x contains information about both species. In the
forward model, O4 is also considered. However, this species is not retrieved in the
inverse approach.
After the preprocessing step, several retrieval methods are possible. The optimal
estimation (Rodgers, 2000) is discussed at the end of this section as it is used in the
Version 3.2 retrieval. First, the information operator approach used in SCIATRAN
V3.1 NO2 is described. To meet the requirements of statistical inversion methods (e.g.
optimal estimation, information operator approach), the measurement error ε has to
be stochastic, normally distributed and needs to have a mean value of zero. Another
requirement is that the problem has to be linear. Introducing an initial guess x0 the
problem can be linearized:
yε = F(x0) +
δF(x)
δx
∣∣∣∣
x=xa
× (x− x0) + · · ·+ ε (2.28)
This initial guess x0 is referred to as the a priori state vector, which represents the best
available estimation of the true solution before retrieval. A linear relation is obtained
from equation 2.28 by neglecting higher order terms, leading to:
yε ≈ F(x0) +
δF(x)
δx
∣∣∣∣
x=x0
× (x− xa) + ε = F(x0) +K0(x− x0) + ε (2.29)
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In this equation, K0 is a linear forward model operator. Thus, the retrieval problem
(Eq. 2.24) can be written as:
yε = F(x0) +K0(x− x0) + e (2.30)
Since also linearization errors are included, e represents measurement errors, as well
as the linearization error. To find a solution for the inverse problem the following
quadratic form needs to be minimized:
F(x) =
∥∥∥F(x0) +K(x − x0)− ye∥∥∥2
S−1e
+
∥∥∥(x− x0)∥∥∥2
R
(2.31)
In this equation, Se is the noise covariance matrix. The diagonal elements of Se are
determined in accordance with noise level estimates from the fit residuals obtained
in the pre-processing step. Assuming spectrally uncorrelated noise, off-diagonal ele-
ments are set to zero. In the above equation, R is the regularization matrix, which is
defined as:
R = S−10 + T (2.32)
The a priori covariance matrix S0 is based on selected a priori uncertainties. Addition-
ally, the smoothness constraint matrix T is applied, based on the retrieval, see Table 2.2
for Version 3.1. Smoothing helps to suppress oscillations in the retrieval results, while
overconstraining is avoided for the retrieval on a fine altitude grid. Note that the re-
trieval is performed on a 1 km grid, while the SCIAMACHY limb mode has a vertical
step size of 3.3 km.
As it is explained for the retrieval of BrO (bromine oxide) in Rozanov et al. (2011),
the a priori covariance matrix S0 for a particular species to be retrieved is set as fol-
lows:
{S0}i,j = σiσj exp
(
−
|zi − zj|
Ic
)
. (2.33)
In this equation, Ic is the correlation length. σi and σj are the a priori uncertainties at
the altitude levels zi and zj, which are set to 100% for NO2 and 1000% for O3. In the
case of O3, this results in almost no regularization caused by a priori uncertainty. The
full a priori matrix is defined as
S0 =
[
SO30 0
0 SNO20
]
, (2.34)
where 0 represents submatrices with all entries equal to zero.
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The non-zero elements of the smoothing constraint matrix T are defined for each
species k as
{Tk}i,i−1 =
tk,i
σk,i(zi−1 − zi)
(2.35)
{Tk}i,i = −{Tk}i,i−1 (2.36)
Here, σk,i is the standard deviation of species k at altitude i, and i runs through all
altitude levels with the exception of the first one. tk,i is the selected smoothness coeffi-
cient. With this, the regularization matrix is given as:
R = S−10 +
[
TO3 0
0 TNO2
]T
×
[
TO3 0
0 TNO2
]
(2.37)
For V3.1 the NO2 smoothing parameter decreases from 10 at 50 km to 1.0 at 10 km,
which represents stronger smoothing at high altitudes.
To solve the minimization problem (Eq. 2.31) the information operator approach
(Doicu et al., 2007; Hoogen et al., 1999; Kozlov, 1983) is applied. The idea and ad-
vantage of the information operator approach with respect to the optimal estimation
approach is that in the ideal case only those parameters are used in the fitting process,
which contain information. In this approach, the solution is projected into the space
of eigenvectors of the information operator, which is defined by
P = R−1KTS−1e K. (2.38)
With a particular measurement only an effective state subspace can be accessed, which
is limited by considering only eigenvalues larger than a selected threshold value. The
Gauss–Newton iterative scheme is employed to account for the non-linearity of the
inverse problem and the solution at the (i+ 1)-th iterative step is written as
xi+1 = xi +
Ni
∑
k = 1
βi,kψi,k, (2.39)
where ψi,k are the eigenvectors of the information operator P. The number of eigen-
vectors whose eigenvalues are larger than the selected threshold value is represented
by Ni and the expansion coefficients βi,k are given by
βi,k =
ηi,k
ci,k(1+ ηi,k)
ψTi,k K
T
i S
−1
e
(
ye − F(xi) +Ki (xi − x0)
)
. (2.40)
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Here, ηi,k denotes the eigenvalue of the information operator P, corresponding to
the eigenvector ψi,k, and ci,k is the following scalar product:
ci,k =
〈
KTi S
−1
e Ki ψi,k|ψi,k
〉
. (2.41)
The iterative process is terminated, when the maximum difference between the com-
ponents of the solution vector at two subsequent iterative steps does not exceed 1%.
Typically three to five iterations are required to achieve convergence.
This approach is applied in the current version of the SCIATRAN NO2 limb re-
trieval processor Version 3.1. The settings are listed in Table 2.2.
The above described SCIATRANV3.1 NO2 retrieval is in two ways very important
for this work: It forms the basic retrieval, which has been modified for improved NO2
UTLS sensitivity, see section 3.3.2, and it also provides a priori NO2 profiles of high
quality, which are then used for the improved retrieval.
Overview of possible improvements
Several possible improvements can be considered in order to increase the sensitivity
of the retrieval process regarding NO2 results in the UTLS altitude region. In this work
mainly two of them are investigated in detail:
• Choice of an optimal retrieval method: SCIATRAN features Optimal Estima-
tion, Tikhonov regularization and the Information Operator Approach. Analyz-
ing the quality and stability of the results regarding the UTLS region is of high
importance for choosing the optimal method.
• Use of different spectral windows in order to receive more spectral information.
Although SCIATRAN is used for retrievals in this work, other retrieval programs
and methods are discussed including their relative performance for NO2 UTLS limb
retrievals.
Discussion of third-party retrieval implementations
Different retrieval methods which are linked to the data sources used for validation
are described in section 2.5. In this section, a selection of retrieval methods other
than SCIATRAN for SCIAMACHY or similar satellite instruments are presented. This
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Figure 2.13: In this figure the optimal estimation method is illustrated.
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SCIAMACHY NO2 limb V3.1 retrieval parameter settings
Forward model SCIATRAN 2.2
Spectral region 420 – 470 nm
Surface albedo 0.3
Cloud treatment neglected in the retrieval, cloud in-
formation included in the output
files
Weighting function type single scattering
Atmospheric species in the forward
model
NO2, O3, O4
Retrieved atmospheric species NO2, O3
Reference tangent height number 15 (≈ 43 km)
Tangent heights selected for the re-
trieval
5 – 14 (≈ 10 – 40 km)
Polynomial order 3
Spectral corrections shift, offset, undersampling, eta,
ring
Spectral smoothing not applied
A priori uncertainty 5× 109 molecules/cm3
Signal to Noise Ratio estimated from spectral residuals
Correlation length 1.5 km
Additional regularization Tikhonov smoothing (smoothing
parameter linearly decreases with
altitude from 10 at 50 km to 1.0 at
10 km)
Solution method Information Operator Approach
Eigenvalue threshold 0.01
Iterative scheme Newton
Table 2.2: SCIATRAN V3.1 NO2 limb retrieval parameter settings
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serves both as an overview of the implementation of different retrieval methods, as
well as background information, as several data sets obtained with these methods are
used in the present.
Mainz SCIAMACHY NO2 retrieval featuring a least squares approach
One retrieval method is described in Puk¸i¯te et al. (2006), while an overview of the first
results and the algorithm performance is given in Ku¨hl et al. (2008). Besides NO2, two
other species are also discussed for retrieval, BrO and OClO, which play a role in the
depletion of ozone in polar spring and are related to the Antarctic ozone hole, see
Solomon (1999); Wennberg et al. (1994).
The method is described as a two-step approach. This division must not be con-
fused with the approach described in the present work in section 3.3.2 as the details
of each step are quite different. The approach however is not developed with the spe-
cific goal of improving the NO2 UTLS sensitivity only, but to accelerate the overall
retrieval process by dividing the retrieval into two separate steps. In the first step, a
Differential Optical Absorption Spectroscopy (DOAS) approach (Platt, 1994) is used
to retrieve slant column densities (SCDs). A SCD is the integrated concentration of
the absorber along the light path. In the second step, box air mass factors calculated
by the Monte-Carlo-Method are used as weighting functions to convert the SCDs to
vertical concentration profiles.
For the inversion (second step) different methods can be applied. While an optimal
estimation approach (Rodgers, 2000) is implemented, the a priori independent least
squares fitting (LSQ) technique can also be used, seeMenke (1999). Avoiding the usage
of a priori profiles has the advantage of avoiding the influence of a priori in general.
However, it is stated in Puk¸i¯te et al. (2006), that below 15 km and above 40 km it is still
necessary to apply a priori profiles. Instead of this a priori-free approach, the more
widely used optimal estimation method is therefore employed for the retrieval in the
UTLS altitude region, which is found usually below 15 km. Despite this conclusion, a
description of both retrieval methods is given.
The first step in the two-step-approach remains the same for both retrieval algo-
rithms, as the retrieval of the SCDs is in both cases performed with a DOAS approach,
see Platt (1994). Based on the Beer-Lambert Law, one can determine optical densi-
ties of trace gas absorptions. Information is needed on the spectral absorptivity of
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the trace gases, which are to be retrieved. This is provided by absorption cross sec-
tions. In the case of NO2, the 223 K cross section from Bogumil et al. (2003) is used. In
the DOAS approach, not the absolute absorption structures are utilized, but they are
separated into broadband and differential cross sections. The retrieval generates slant
column densities (SCD) as results. The optical density is related to this, as the product
of the SCD and the respective absorption cross section yields the optical density of an
absorber.
Similar as in other retrieval approaches, several spectral features are accounted
for, including Ring spectra (Ring effect) and a polynomial of degree 3 to 5 to deal
with broadband features. In addition, eta and zeta spectra are used to correct for
polarization features. For the NO2 retrieval, the 420 to 450 nm spectral region is used
and the reference spectrum is taken at a tangent height of about 42 km. Contrary to
the current SCIATRAN product retrieval (see section 2.4), the four different horizontal
retrieval sections are averaged, i.e. not 240 km wide sections are investigated, but the
hole 960 km is used for one profile.
In the second step, the trace gas profiles are determined from the slant column
densities. Using a 3D full spherical Monte Carlo method (Wagner et al., 2007), box air
mass factors (AMF) are calculated. The matrix of calculated AMFs Amn describes the
impact of the trace gas concentrations xn at all considered layers of the atmosphere on
the SCDs ym as follows:
ym = Amnxn + en. (2.42)
e is the measurement error. Equation 2.42 needs to be inverted to retrieve the trace gas
concentrations, it is however not exact and can be both under-determined as well as
over-determined. Two methods are available to continue the retrieval process.
The least squares approachmentioned before offers the following equation to solve
the problem:
xˆd = (A
TS−1e A)
−1ATS−1e y, (2.43)
in which Se is the measurement error covariance matrix. This solution provides rea-
sonable results only if the altitude range is restricted to 15 km to 42 km.
As an alternative, the optimal estimation approach can be used, which also yields
averaging kernels. The a priori information for the NO2 profile retrieval is taken from
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different sources in order to determine the a priori influence on shape and magnitude
of resulting profiles.
While the results of this retrieval are useful, the improvement of the UTLS NO2
retrieval is not considered. The advantages of avoiding a priori profiles cannot be
utilized below 15 km, as a priori information is still needed at this altitude range to
stabilize the retrieval. A cloud masking method may be added in the future, as men-
tioned in Ku¨hl et al. (2008).
NO2 limb retrieval for OSIRIS used for the search of lightning events
Another method used for NO2 retrieval was developed mainly for a further limb
instrument other than SCIAMACHY. The Canadian satellite instrument OSIRIS on
board the Swedish research satellite Odin (launched on February 20, 2001) is also
capable of performing limb measurements, see Llewellyn et al. (2004). The Optical
Spectrograph and InfraRed Imager System (OSIRIS) is specifically designed to obtain
altitude profiles of minor atmospheric species in limb geometry. A spectral range of
280 to 800 nm is covered with a resolution of about 1 nm. The vertical field of view
is about 1 km for the limb scans, and with repetitive measurements the altitude range
from about 10 km to 100 km is covered. Also a three channel infrared imager is in-
stalled, but is not considered for the NO2 retrieval. The achieved vertical resolution of
about 2 km is somewhat better as compared to SCIAMACHY with about 3 km. The
horizontal field of view is only 30 km compared to 110 km for SCIAMACHY, while the
horizontal sampling at tangent point for a limbmeasurement is 200 km for OSIRIS and
240 km for SCIAMACHY, if the full horizontal scan of 960 km is not needed. However,
the spectral resolution for OSIRIS is stated to be only about 1 nm, while SCIAMACHY
features a resolution of about 0.44 nm or 0.48 nm, respectively, for the same spectral
region, see Table 2.1.
A basic retrieval method for OSIRIS NO2 is described in Haley et al. (2004). It
features a DOAS retrieval to yield column densities, which are used to compute trace
gas profiles using a maximum a posteriori approach (Rodgers, 2000). It also uses a least
squares fitting approach, however, already in the DOAS part of the retrieval. The
retrieval is not a priori free as the alternative SCIAMACHY retrieval described in the
previous section. The spectral region 435 nm – 451 nm is used for the NO2 retrieval
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and the retrieved profiles show an accuracy of 10% in the altitude range from 15 km
to 40 km with a vertical resolution of about 2 to 3 km (Haley et al., 2004).
For NO2 in the UTLS region, Sioris et al. (2007) present a different approach used
specifically for the detection of lightning events. By using the method described be-
fore and a comparison with a photochemical model, a handful of measurements is se-
lected, which are candidates for observation of lightning events. Also a cloudmasking
method is used to determine the cloud top height and to discard cloud-contaminated
measurements.
The main difference to the basic retrieval method is the usage of Chahine’s relax-
ation method for the inversion part of the retrieval, see Chahine (1970). This method
is chosen, because it is mostly independent of the first guess for the retrieval and
also preserves the vertical resolution at lower altitude ranges, which is about 2 km
for OSIRIS. Large deviations from the first guess are not suppressed, and as NO2 en-
hancements by lightning events are estimated to be very high, but also very localized,
the retrieval approach is well-suited for this task. Also, a surface albedo database has
been included into the retrieval.
The implementation of Chahine’s relaxation method is described in Sioris et al.
(2003). The retrieval process consists of iterative updates, starting with a first guess,
the number density xi=0,z=40, with i as the iteration number and z as the altitude in
km. Simulated SCDs (y0,40) can be obtained from this, which can be compared to the
measured SCDs yt,40. For the first step in Chahine’s method x1,z = x0,z + ∆x1,z, the
relation is as follows:
x1,z = x0,z(yt,z/y0,z) (2.44)
This first step does not lead to a good agreement between modelled and measured
SCD, but after several iterations convergence can be achieved. The correction ∆xi+1,z
is given as
∆xi+1,z = ∆xi,z
yt,z − yi,z
|yi,z − yi−1,z|
(2.45)
Thus, using the two guesses above, the algorithm creates a new estimation for the
number densities by interpolation or extrapolation of modeled number densities. This
is repeated, until modeled SCDs and measured SCDs agree. Also, this method is
performed only for the respective lowermost layer at each iteration step from top to
bottom altitude to save computation time. Only after convergence for each tangent
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height is reached, the influence of lower tangent heights on higher tangent heights is
addressed.
The above approach is mainly used for the investigation of single profiles and
very high, localized emission sources. Under these circumstances, a detection of NO2
events in single profiles might be feasible. In section 4.2 it is investigated, if the re-
trieval approach described in this work (see section 3.3.2) also detects enhanced NO2
amounts for the lightning events reported.
Summary
The Mainz SCIAMACHY NO2 retrieval (Puk¸i¯te et al., 2006) is very promising, when
the least squares approach is performed, as it does not include a priori profiles. This is
still an advantage, although the altitude range is limited in this case (15 to 42 km) and
methods, which include a priori profiles do not show high influence by the a priori for
these altitudes. As there is no a priori profile included, under no circumstances can
a priori profiles have an influence on the results.
The retrieval method described by Sioris et al. (2007) is adopted especially for very
large localized NO2 emissions in the UTLS region, and it is used to detect lightning
events. For other altitude ranges, however, a more conventional retrieval method
(Haley et al., 2004) is applied.
2.5 Data sources for validation
To determine the quality of NO2 retrieval results, they need to be validated. Re-
trieved NO2 profiles from different, independent data sources are needed for this task.
The described data sources in this chapter are measurements by the satellite instru-
ments SAGE II (Stratospheric Aerosol Gas Experiment) in section 2.5.1, HALOE (Halo-
gen Occultation Experiment) in section 2.5.2, and ACE-FTS (Atmospheric Chemistry
Experiment-Fourier Transform Spectrometer) in section 2.5.3, balloon borne measure-
ments (Butz et al., 2006) in section 2.5.4, and observations by the airborne instruments
SPURT (German: Spurenstofftransport in der Tropopausenregion, trace gas transport
in the tropopause region, Engel et al. (2006)) and CARIBIC (Civil Aircraft for the regu-
lar investigation of the atmosphere based on an instrumented container, Brenninkmei-
jer et al. (2007)), see section 2.5.5. In section 2.5.6, results from the atmospheric chem-
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istry model EMAC are presented (ECHAM5/MESSy Atmospheric Chemistry model
(Jo¨ckel, 2012; Jo¨ckel et al., 2006)).
2.5.1 SAGE II
The Stratospheric Aerosol Gas Experiment (SAGE II, Chu et al., 1989; Cunnold et al.,
1991) was an occultation instrument aboard the United States Earth Radiation Budget
Satellite (ERBS) launched in 1984. Although planned with an operation time of two
years, ERBS delivered data until the end of August in 2005. This very long operation
time (21 years) provides an overlap with SCIAMACHY from 2002 to 2005. With the
SAGE II instrument, aerosols, O3, NO2 and water vapour were measured.
The instrument is a sun-photometer with seven spectral channels. From the in-
stantaneous field-of-view a vertical resolution of 0.5 km can be calculated. The holo-
graphic grating disperses the incoming radiation. This leads to seven spectral regions
centered at 1020, 940, 600, 525, 453, 448 and 385 nm, where measurements take place.
The SAGE II instrument data covers the whole global longitudinal range and latitudes
from 80◦ N to 80◦ S.
SAGE II version 6.2 data products are used in this study. The vertical resolution
of NO2 profiles included there is 2 km. The data products also provide error values,
which include measurement errors, altitude uncertainty, aerosol contributions, errors
from the removal of ozone and temperature profile errors (which affect the removal of
the Rayleigh-scattered contributions). For more information on this see Gordley et al.
(1996). The errors for SAGE II NO2 are less than 5% to 10% at altitudes between 25 km
to 35 km for most measurements. At height levels below 25 km these errors can exceed
50% and above 35 km error values above 10% are found in the data product files.
2.5.2 HALOE
Launched on September 12, 1991 the UARS satellite (Upper Atmosphere Research
Satellite) carried several instruments for the investigation of the Earth’s atmosphere.
One of its ten instruments was the Halogen Occultation Experiment (HALOE, Rus-
sel III & Remsberg, 2012; Russell III et al., 1993). HALOE was created to perform solar
occultation measurements of ozone (O3), hydrogen chloride (HCl), hydrogen fluoride
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(HF), methane (CH4), water vapour (H2O), NO, NO2 and aerosol extinction at 4 in-
frared wavelengths. Additionally, pressure and temperature vertical profiles were re-
trieved. The altitude range which was covered by HALOE for each trace gas is shown
in Fig. 2.14. The latitudinal coverage is 80◦ South to 80◦ North, which is achieved
over the course of one year. Special observations were performed above the Antarctic
region during spring. Among others, the scientific purpose of the instrument was to
investigate stratospheric ozone depletion, determine the anthropogenic contribution
to this phenomenon and also to retrieve aerosol extinction coefficients.
Figure 2.14: This figure shows the altitude ranges covered by HALOE retrieved vertical
profiles. For example, the NO2 vertical range reaches from about 15 to about 50 km.
Source: Russel III & Remsberg (2012)
The UARS satellite and with it the HALOE instrument has been decommissioned
on November 21, 2005. Since ENVISAT has been launched in March 2002, this results
in 3 years overlap in which both instruments were active and comparisons are possi-
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ble. Since the HALOE NO2 vertical profiles are used for validation in this study, this
product is described in some more detail. For the present work, the current HALOE
data version 19 is used.
As discussed in Gordley et al. (1996), NO2 is retrieved from a different spectral
region outside the spectral range covered by SCIAMACHY. TheHALOENO2 retrieval
is based on the channel centered at 6.25 µm, while the NO retrieval is performed using
the channel centered at 5.26 µm.
The HALOE NO2 channel uses a broadband radiometer equipped with a spectral
bandpass filter. Other trace gas absorbers in this channel are H 2O, CH4, N2O, and O2.
These and also the aerosol concentrations are considered in the retrieval as follows:
The O2 concentration is known. H2O and CH4 are retrieved using a different HALOE
channel, respectively. The aerosol concentration is retrieved using the NO channel.
Only N2O cannot be retrieved elsewhere, it is only a minor absorber in that spectral
region for lower altitudes.
The retrieval method used is a modified onion peeling method, which was cho-
sen for numerical efficiency. It is described in Gordley et al. (1994) with respect to its
application for occultation retrievals. In this method, the atmosphere is described as
consisting of cells, or tangent cells in the limb retrieval case. The ray path integration
of transmission and radiance is performed starting with the outermost cell. This al-
lows updating the total ray by updating the tangent layer transmission, which is much
faster than recalculating the total ray. Also, the uppermost layer or cell is used to ap-
proximate the conditions in the atmosphere above. The algorithm allows to include
filter shift, Doppler shift and gas cell spectra.
For NO2 a vertical resolution of about 2 km is achieved. In comparison, due to
computational limitations, the vertical resolution of HALOE NO profiles is only 4 km
below 60 km and degrades further to 7 km at lower altitudes.
It is especially interesting, that this instrument uses a different spectral region for
NO2 retrieval compared to the SCIATRAN retrievals described here (infrared instead
of the visible region).
2.5.3 ACE-FTS
One of the two main instruments aboard SCISAT-1, a Canadian satellite launched
in August 2003, is ACE-FTS (Atmospheric Chemistry Experiment-Fourier Transform
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Spectrometer, Bernath et al., 2005; Walker et al., 2005). Still operational in 2011, ACE-
FTS allows the validation of more recent results compared to SAGE II and HALOE.
The vertical resolution of the measurements is about 3 to 4 km, based on the field of
view of the ACE-FTS instrument (1.25 mrad).
ACE-FTS is capable of investigating a large number of atmospheric trace gases in-
cluding H2O, O3, N2O, CO, CH4, NO, NO2, HNO3, HF, HCl, N2O5, ClONO2, CCl2F2,
CCl3F, COF2, CHF2Cl, HDO, SF6, OCS, HCN, CF4, CH3Cl, C2H2, C2H6, N2, ClO, as
well as isotopologues for some of these molecules. For NO2, a vertical range from 13
to 45 km is covered in version 2.2 ACE-FTS data used for this study, see Boone et al.
(2005). A newer version (3.0) might provide a wider altitude range in the future, but
was still under development at the course of this work.
The data product includes uncertainties given by statistical fitting errors from the
least-squares process, see Kerzenmacher et al. (2008). A normal distribution of errors
was assumed for these calculation. For most profiles these error values are less than
5% between 20 and 40 km. Below 20 km they are higher than 10% and exceed 40% at
about 15 km.
2.5.4 Balloon-borne measurements
Obtaining data for validation of Earth-observing satellite missions is one of the im-
portant objectives of balloon-borne measurements. Despite the advantage, that each
individual balloon campaign is less expensive than a satellite mission, only a limited
number of profiles can be generated this way. Still, each profile is expected to be of
good quality.
The balloon mission results used here are also the basis for a validation in Butz
et al. (2006) for an older version of SCIATRAN/SCIAMACHY NO2 and O3 results.
The launch sites and the measurement season were selected foresightfully to allow
validation of ENVISAT. Details for the individual balloon missions are shown in Ta-
ble 4.6. Results from these missions are used for validation in section 4.1.2.
The instruments are described in detail by Ferlemann et al. (1998) and Camy-Peyret
(1995). The payload is mounted on an azimuth-controlled gondola and comprises
a sun-tracker. Almost the entire wavelength range from the UV to mid-IR is cov-
ered using three optical spectrometers. The instrument setup is optimized in such
a way, that the instruments for UV/visible (DOAS) and IR (Limb Profile Monitor of
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the Atmosphere/LPMA, Fourier Transform Spectrometer/FT-IR) analyze direct sun-
light, which passed through almost the same atmospheric air masses. Measurements
are performed in solar occultation and during both balloon ascent and descent. Also,
since 2002 a small UV/visible limb spectrometer measuring scattered solar light has
been added to the gondola.
The retrieval of O3 and NO2 profiles consists of two steps. First of all, trace gas
concentrations integrated along the line-of-sight are obtained (SCDs). For the DOAS
instrument the NO2 absorption is obtained from the 435 to 485 nm spectral region. Us-
ing a solar reference spectrum, solar Fraunhofer lines are removed. Broad band spec-
tral features are treated with a fourth order polynomial. The pressure dependence is
low, but the temperature dependence of NO2 absorption cross section was considered
in the retrieval.
For the retrieval of NO2 with the LPMA/FT-IR instrument, the spectral window
from 2914.36 cm−1 to 2915.16 cm−1 is used. Weak absorption of NO2 in the HCl win-
dow (2944.71 to 2945.11 cm−1) helps to improve the retrieval of the NO2 SCDs. Based
on HITRAN 2004 absorption line parameters (see Rothman et al. (2005)) and an a pri-
ori guess for the trace gas profiles, similar to other approaches described in this work,
synthetic spectra are calculated. These are fitted to the measured spectra using a non-
linear Levenberg-Marquardt algorithm. Also several fitting parameters are applied
including a third order polynomial, a zero order wavelength-shift and parameters to
adjust the instrumental line shape.
Based on the slant column densities (SCD) from either the DOAS or the LPMA the
inverse problem has to be solved in the second step:
y = Kx + ε. (2.46)
y is the set of SCDs in this case, x is the true trace gas profile, ε is themeasurement error
of the balloonborne instrument and K is a weighting function matrix with elements
Kij. A spherical layered atmosphere is assumed and the elements Kij are given by
the ratio of the slant path through layer j and the height of layer j for the observation
geometry, in which spectrum i was determined. To solve equation 2.46 the linear
maximum a posteriori approach was used, see Rodgers (2000).
xˆ = (KTS−1ε K+ S
−1
a )
−1(KTS−1ε y + S
−1
a xa) (2.47)
Sa is the a priori and Sε the measurement covariance matrix which are assumed to be
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diagonal. xˆ is the retrieved trace gas profile.
Regarding comparison or validation purposes two additional points are impor-
tant. First of all, the quality of the retrieval can be investigated by using the averaging
kernel matrix A. With xa as the a priori profile and x as the true trace gas profile A can
be written as
xˆ = xa +A ∗ (xˆ− xa) + error terms, (2.48)
and for the maximum a posteriori approach as
A = SˆKTS−1ε K (2.49)
Secondly, for a meaningful validation the different vertical resolutions need to be con-
sidered. This can be done by smoothing, thus purposely lowering the vertical res-
olution of the high resolution measurement. Along with the photochemical correc-
tions, this smoothing is performed on the balloon profiles used in section 4.1.2. The
smoothed trace gas profile xˆs is given by
xˆs = xa +Al(xˆh − xa). (2.50)
Al is the averaging kernel matrix of the lower resolution measurement, while the trace
gas profile xˆh is the retrieval result from the high resolution measurement.
2.5.5 Airborne measurements: SPURT and CARIBIC
Since one of the NO2 sources in the upper troposphere/lower stratosphere region is
airplane emissions (see section 2.1), instruments which are directly mounted to air-
planes are quite valuable for validation purposes. Also, they provide in situ measure-
ments. For validation, data sets from two airplane based instruments are available,
called SPURT and CARIBIC.
One important difference between SPURT and CARIBIC are the airplanes, which
carry the instruments. For SPURT, a small airplane is used as a platform and the
SPURT crew can decidewhere to takemeasurements. CARIBIC is flownwith a regular
passenger plane and thus follows typical flight routes.
SPURT (German: Spurenstofftransport in der Tropopausenregion, trace gas trans-
port in the tropopause region) measures a wide range of trace gases in the upper tro-
posphere and the lowermost stratosphere of the Northern Hemisphere. It consists of
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a large array of in situ instruments, deployed on a Learjet 35a, flying up to 13.7 km,
see Engel et al. (2006). For a total of 36 flights in eight campaigns, measurements were
performed for N2O, CH4, CO, CO2, CFC12, H2, SF6, NO, NOy, O3 and H2O. SPURT
has the minor disadvantage, that it doesn’t measure NO2 directly, but it measures NO.
Thus, the NO has to be converted to NO2 results by photochemical model calculations.
CARIBIC (Civil Aircraft for the regular investigation of the atmosphere based on
an instrumented container, Brenninkmeijer et al., 2007) follows a different concept.
Originally, it consisted of an aircraft container with automated instruments on board
a Boeing 767-300 R of LTU International Airways during 1997 to 2002. Subsequently
an improved version of the container was built and installed on a Lufthansa Airbus
A340-600 long-range aircraft, with first flights in 2004. Only the latter one is of interest
for validation in the present study, since ENVISAT has been launched in March 2002.
In Fig. 2.15 CARIBIC flight routes are shown.
Figure 2.15: Shown here are some of the flight routes during the CARIBIC campaign. As
the CARIBIC container is mounted on an airplane with passenger transport as its main
purpose, its flight routes cannot be changed. Source for satellite image: NASA Earth
Observatory. From Brenninkmeijer (2012)
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Figure 2.16: For a selection of CARIBIC flights, the recorded altitude is shown here de-
pending on the longitude. All flights are going from East to West.
Using an inlet system, CARIBIC performs in situ measurements of O3, total and
gaseous H2O, NO and NOy, CO, CO2, O2, Hg, and number concentrations of sub-
micrometer particles (> 4 nm,> 12 nm, and> 18 nm diameter). Among other devices,
there are also three internal DOAS instruments added on the inlet system, which al-
low the detection of atmospheric trace gases such as BrO, HONO and NO2. Due to
the nature of these measurement campaigns vertical profiles are not produced, but
longitudinal comparisons are possible.
The CARIBIC flight recordings also contain the flight altitude. Depending on the
flight direction, the altitude on flights between Europe and North America varies
strongly. The altitude is shown as a function of the longitude for a selection of flights
over the North Atlantic from East toWest in Fig. 2.16 and fromWest to East in Fig. 2.17.
A qualitative impression of the latitudes during these flights can be seen in Fig. 2.15.
2.5.6 Climate model EMAC
Model results from the global-coupled chemistry-transport model EMAC (ECHAM5/
MESSy Atmospheric Chemistry model) are used for calculation on the SPURT data
(section 4.1.4) and for comparison purposes regarding case studies in section 4.3. EMAC
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Figure 2.17: The flights shown here use the same routes as in Fig. 2.16. The flight direction
is reversed, and only flights going fromWest to East are shown here.
is developed at the Max Planck Institute for Chemistry in Mainz, Germany, see Jo¨ckel
(2012); Jo¨ckel et al. (2006).
The Modular Earth Submodel System (MESSy) describes atmospheric chemistry
and meteorological processes and provides a modular framework. The ECHAM5
general circulation model (5th generation European Centre Hamburg GCM, Roeckner
et al., 2003, 2004) has been modified and coupled to MESSy. The MESSy framework
contains a variety of submodels, each of them used for the simulation of a particular
process, such as the calculation of, e.g. the radiative temperature tendencies.
Themodel setup features 90 layers up to 0.01 hPa. It should be noted, that altitudes
in atmospheric models such as in EMAC are usually given as pressure levels and not
in km, as the models are operating on a pressure level grid. The vertical resolution at
the tropopause height is about 500 m and the horizontal resolution about 2.8◦ × 2.8◦,
see Jo¨ckel et al. (2006).
The high vertical resolution was chosen to improve the results for the UTLS region.
This is helpful with respect to advective transport, which is strongly height dependent
and it also avoids numerical problems with steep gradients of some trace gases in
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certain regions.
Another feature is the possibility to switch off specific trace gas sources. In partic-
ular in section 4.3, the ability to simulate atmospheric composition with and without
modelled NOx emissions by airplanes is used.
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3.1 SCIAMACHYNO2 limb retrieval: sensitivity analysis and
error sources
Although SCIAMACHY NO2 results already include information on the theoretical
precision, it is important to discuss some error sources individually. Instead of as a
retrieval tool, SCIATRAN can also be used as a forward model, converting profiles
and other atmospheric parameters into simulated spectra. Using a variety of simu-
lated spectra with different atmospheric parameters, synthetic retrievals performed
on these spectra provide an estimate how these parameters would influence the re-
trieval results in real measurements. This is done for clouds, aerosols and for pointing
errors. Errors resulting from uncertainties in the pressure and temperature profiles
have already been investigated in Rozanov et al. (2005). These are estimated to be less
than 5% above 20 km, as accurate ECMWFmeasurements are included in the retrieval.
For the beginning, the sensitivity of the current retrieval processor is discussed
for two examples, which also form the basis of the analysis in sections 3.1.1 to 3.1.3.
The measurement details are described in Table 3.1, and SCIAMACHY NO2 limb Ver-
sion 3.1 retrieval results are displayed in panels (a) of Figures 3.1 and 3.2. Figure 3.1
represents a high latitude example and features a lower altitude maximum and a
higher NO2 amount compared with the example from the tropics shown in Figure 3.2.
In panel (b), values for the theoretical precision and the measurement response are
shown. The former describe the total retrieval error (noise + smoothing errors). These
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Figure 3.1: An example retrieval at about 77.5◦N is analyzed to study the measurement
sensitivity. The retrieved NO2 profile is shown in panel (a). Panel (b) shows the theoret-
ical precision (black), as well as the measurement response (blue). Panel (c) displays the
respective averaging kernels, color coded for altitude levels. Panel (d) shows the spread
of the averaging kernels.
Figure 3.2: Same as in Fig. 3.2, but for a latitude of 1.45◦ N.
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are provided with the V3.1 data product and calculated from the square root of the
diagonal elements of the solution covariance matrix Sˆ, see also Rodgers (2000). Sˆ is
associated with the result xˆ of the last iteration in the retrieval process and is defined
as
Sˆ =
(
KˆTS−1e Kˆ+ R
)−1
. (3.1)
At lower altitudes, the precision is better (smaller values for high latitudes) than in
the tropics, while there is no significant difference at higher altitudes, as seen in the
examples here.
Also in panel (b), the measurement response is displayed, which is given by the
area of the averaging kernels. It describes the relative contribution of the measure-
ment and the a priori information on the retrieved profile. Values smaller than one
indicate influence from the a priori information, which is not desired. The response
is in both cases (Figures 3.1 and 3.2) close to one for altitudes above 20 km (tropics)
or 15 km (high latitudes). In the tropics, NO2 values at lower altitudes are low with
2.0× 108 molec./cm−3 and the measurement response is about 0.9 below 20 km. In the
high latitudes however, below 15 km an NO2 amount of about 1.0× 109 molec./cm3 is
seen. Nevertheless, the measurement response at low altitudes is smaller than in the
tropics, which results from the altitude range of the given averaging kernels. The rea-
son for this is that the averaging kernels are cut off at 12 km. At high latitudes, where
averaging kernels still have large values below 12 km (see panel (c) of Figure 3.1), the
truncation leads to an underestimation of the averaging kernel areas. In contrary, the
cutoff has almost no effect in the tropics because the averaging kernel values below
12 km are negligibly small (see panel (c) of Figure 3.2).
The averaging kernels shown in panel (c) are calculated on a 1 km grid. As this
grid is smaller than the resolution of the instrument (3.3 km), one must pay attention
when analyzing these values. Due to the grid size, values between 0.3 and 0.4 indi-
cate insignificant influence from a priori and no higher values are expected. In other
studies, averaging kernels close to 1 are seen, which result from a retrieval method
with a grid size similar to the resolution of the instrument. However, this does not
indicate more accurate results. Furthermore, at about 43 km the averaging kernels are
expected to be negative, as this altitude corresponds to the reference tangent height,
see Figure 3.2.
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The effective vertical resolution of the retrieved vertical NO2 profile is difficult to
estimate. In panels (d) of Figures 3.1 and 3.2, the vertical resolution of the retrieved
profiles is estimated employing the Backus and Gilbert approach (Backus & Gilbert
(1970), see Haley et al. (2004) for an application). This approach suggests a character-
istics called spread which is given by
s(z) = 12
∫
(z− z′)2A2(z, z′)dz′[∫
|A(z, z′)| dz′
]2 . (3.2)
Here, z is the altitude, and A denotes the averaging kernel matrix. The integration is
performed with respect to all available altitudes z′. As expected, close to the actual
tangent heights of the measurement, the spread shows the smallest values, which in-
dicates a better vertical resolution there. In the tropics, only between 37 and 25 km
good vertical resolution in the range of 2 to 6 km is seen. For the high latitudes, good
vertical resolution is achieved for a larger altitude range from 15 to 37 km. Below
15 km (or 25 km in the tropics), the low signal resulting from low NO2 values and an
increasing optical light path along the line of sight lead to higher spread values and
hence, a lower vertical resolution.
3.1.1 Influence of clouds on the NO2 retrieval
On average, half of the Earth’s surface is covered by clouds (page 85, Houghton, 2002).
It is important for the retrieval of NO2 in limb geometry to consider the influence of
clouds on the results. Since the main focus of this work is to improve the sensitivity
of NO2 limb retrieval in the UTLS altitude region at about 10 to 12 km, cloud contam-
ination is expected to be more severe than in the case of stratospheric NO2 retrievals.
Since SCIAMACHY has a vertical field-of-view of 2.5 km and a sampling of 3.3 km,
clouds at 8 km or lower altitudes can already affect the results. Scattering is also an
important factor.
The most straightforward solution to deal with this problem is not to consider
those measurements where clouds are detected. A cloud detection algorithm (see sec-
tion 2.3) is available, that is adapted for the same instrument and viewing geometry,
so cloud-contaminated measurements are easily identified. The method of only using
cloud-free scenarios is known as cloud-masking. SCIAMACHY NO2 version 3.1 limb
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Orbit State nb. Azimuth time (UT) Latitude Longitude SZA
17255 21 3 of 4 18-Jun-2005 13:01 1.2◦ N 44.1◦ E 35.7◦
17255 08 2 of 4 18-Jun-2005 12:34 77.5◦ N 91.27◦ W 69.3◦
Table 3.1: Selected states for cloud simulations. Latitudes, longitudes and solar zenith
angles (SZA) are given at the tangent point of the measurement.
profiles already include cloud flags in the product files, while clouds are not consid-
ered in the retrieval processor.
Cloud-free scenesmight be of limited availability due to large areas of the Earth be-
ing covered with clouds. Additionally, while limb geometry provides a good vertical
resolution of about 3 km for SCIAMACHY, the horizontal resolution is about 240 km
resulting in considerable difficulties in obtaining cloud-free measurements. This can
lead to problems in finding suitable amounts of cloud-free measurements for aver-
aging. Furthermore, lightning events occur in company with clouds, and airplanes
usually produce a specific type of clouds called contrails.
Since cloud-masking can severely limit the number of available profiles, it is im-
portant to investigate how clouds actually change the retrieved NO2 profiles. Based
on a similar approach used in Sonkaew et al. (2009) for ozone retrievals, simulated
cloud-contaminated spectra are used to investigate the influence of clouds.
Basically, cloud features are simulated in the forward model and synthetic spec-
tra are calculated. These are based on NO2 profiles from actual V3.1 retrievals. Two
profiles serve as examples, one for the high latitudes and one for the tropics. Details
about these two profiles are contained in Table 3.1.
In the present work the CDI/CDIPI radiative transfer model is used for NO2 re-
trievals. For cloud simulations, however, this is not supported (Rozanov, 2007). There-
fore, the discrete ordinate model (“DOM”) is applied instead.
Using the DOM, simulated spectra are generated for two different solar zenith an-
gles (35◦ and 70◦), for two different cloud types (water clouds and ice clouds) and se-
lected values of the cloud optical thickness τ. In addition, for both solar zenith angles
(SZA) a cloud-free scenario has been simulated for comparison. Technically, identi-
cal NO2 profiles for both SZAs can be used for this simulation. However, this would
yield unrealistic results, as SZAs smaller than 40◦ do not occur in the high latitudes
for SCIAMACHY measurements and because NO2 profiles are typically different at
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high latitudes and the tropics. The same is true for SZAs larger than 70◦ in the tropics.
Therefore, more realistic estimations are obtained with different NO2 profiles.
The retrieval settings are set to be as similar as possible to SCIAMACHYNO2 limb
V3.1 retrieval settings. Correction spectra are not used in the synthetic retrieval, since
e.g. Ring effects were not simulated in the forward model and thus do not need to be
accounted for in the retrieval. Noise with a signal to noise ratio of 1000/1 is added to
the signal.
Startingwith a solar zenith angle of 35◦ in Fig. 3.3 the results show a reducing effect
on the NO2 values. Simulations were performed for four different τ values, of which
two (τ = 1 and τ = 20) are shown. The retrieval difference in the righthand plots
is given with respect to a retrieval of the cloud-free scene. A simulated cloud with a
range from 5 to 7 km is marked with magenta, a cloud from 7 to 10 km with green, a
cloud from 10 to 12 km with red, a cloud from 15 to 17 km with blue (dashed) and the
12 to 17 km cloud as grey (dashed). Clouds with different top height and thickness
have a similar effect on the retrieved profile for this scenario, considering that the ab-
solute values for NO2 are small below 25 km. With the exception of 12 to 17 km all
clouds with τ = 1 result in less then 10% difference at all altitudes above 19 km. For
the 12 to 17 km cloud, this is true above 22 km. For a cloud optical thickness τ = 20,
the influence of all simulated clouds is less than 10% above 22 km. At lower tangent
heights this can exceed 60%, but still the absolute NO2 values for this altitude and
example are very low. It is worth mentioning, that even lower altitude clouds (7 to
10 km) have a noticeable effect for an altitude of up to 20 km. In the current imple-
mentation of the SCIAMACHY NO2 retrieval processor, the lowermost altitude in the
data files (11 km) can be flagged for lower altitude clouds (between 8 and 9 km), as the
field of view (3.3 km) of the SCIAMACHY instrument is considered. However, clouds
might still have a significant influence in cases where the cloud is several kilometers
below the investigated altitude.
For ozone, an influence of clouds even outside the field of view of the instrument
is seen (Sonkaew et al., 2009). Therefore, an effect also on the retrieved NO2 is ex-
pected. The simulations have also been repeated for ice clouds. The obtained results
are similar to the water cloud case and thus they are not shown here.
The same simulations and synthetic retrievals have been performed for a similar
case with a different solar zenith angle of about 70◦. The resulting profiles can be
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Figure 3.3: Influence of simulated water clouds on the NO2 retrieval, solar zenith angle
35◦.
seen in Fig. 3.4 for water clouds and Fig. 3.5 for ice clouds. Contrary to the SZA 35◦
results, in this case the relative differences between scenarios with and without clouds
in the forward models are low and do not exceed 10% above 17 km for all simulated
scenarios. At 13 km, only the 12 to 15 km cloud results in differences larger than 40%.
However, clouds at this altitude are rarely observed in the high latitudes. Excluding
this case, the difference is less than 5% for all simulated altitudes (τ = 1), or less than
10% in the case of a cloud optical thickness of τ = 20.
3.1.2 Influence of aerosols
Aerosols might also be an important error source for UTLS NO2 retrievals. Gordley
et al. (1996) even state that, for the occultation instrument HALOE, aerosol errors may
render NO2 retrievals at the lower stratosphere impossible. It is therefore very impor-
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Figure 3.4: Influence of simulated water clouds on the NO2 retrieval, solar zenith angle
70◦.
tant to investigate how the presence of aerosols changes the retrieved NO2 profiles.
In the SCIAMACHY NO2 V3.1 retrieval processor, background aerosols are already
included. It is rather straightforward to simulate different aerosol scenarios based on
these settings.
Based on LOWTRAN (Kneizys et al., 2002), the scenarios ’no aerosols’, ’aged aero-
sols from moderate volcanic activity’ and ’fresh aerosols from high volcanic activity’
are simulated for the two cases already used for the cloud simulations, see Table 3.1.
Additionally, the ’background’ aerosol scenario is simulated as a reference. Contrary
to the cloud simulations, the CDI model can be used as the forward model, which
eliminates one possible error source. In the synthetic retrieval settings, correction
spectra are switched off and noise with a signal to noise ratio of 1000/1 is added.
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Figure 3.5: Influence of simulated ice clouds on the retrieval, solar zenith angle 70◦.
The influence of these different aerosol scenarios on the retrieval outcome is sum-
marized in Figure 3.6. While the unrealistic scenario with no aerosols in the forward
model leads to increased NO2, the two scenarios with volcanic aerosols result usually
in less NO2 in the profile. At high latitudes, the change in NO2 is less than 5% above
23 km. Below this altitude at about 15 km, the relative difference can increase to 20%
(’aged aerosols from moderate volcanic activity’) or to more than 40% (’fresh aerosols
from high volcanic activity’). In the tropics, above 24 km less than 10% difference
from aerosols can be seen. Also, the two volcanic scenarios result in relative differ-
ences, that exceed 60% below 15 km. However, the absolute NO2 values are small at
these altitudes.
For profiles above 20 to 25 km, aerosols are not a large error source. Aerosols are
more important for the UTLS, but as there is comparably low volcanic activity in the
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Tropics scenario
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Figure 3.6: The upper panel shows the influence of aerosols on the retrieved NO2 profile
for the high latitudes, while the lower panel does the same for the tropics. In the left
panels synthetic retrieved NO2 profiles for different aerosol loadings are seen, while the
right panels show the corresponding relative deviations.
investigated time frame and regions, errors from these aerosol should not affect the
results.
3.1.3 Influence of pointing uncertainties
Another error source results from the uncertainty in the tangent height altitudes of
the limb measurements. As of SCIAMACHY level 1 data version 6.03, this error is
estimated to be less than ±200 m (von Savigny et al., 2009), see also von Savigny et al.
(2007). How a shifted tangent height influences the retrieval result, can be investigated
with the same method as in sections 3.1.1 and 3.1.2. The tangent height altitudes in
the forward model are shifted by 200 m up and down.
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Tropics scenario
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Figure 3.7: In this figure, the influence of pointing errors on the retrieval results is shown
for high latitudes (upper panels) and tropics (lower panels). In both left panels, profiles
for shifted (±200 m) and unperturbed default tangent heights are shown. The relative
deviations (with respect to the unperturbed profile) are shown in the right panels.
The results of the synthetic retrievals on these simulated spectra are shown in Fig-
ure 3.7. In the high latitude case, the shift in tangent height results in a relative differ-
ence in the retrieved NO2 amounts of up to 5%, even at low altitudes below 15 km. For
the tropics, the relative difference can exceed 50% at 15 km. However, the NO2 is low
in absolute numbers at this altitude levels for the tropics. Hence, the relative errors
should be read with care. Generally, due to improvements in pointing accuracy, this
error source has a minor impact on UTLS retrievals compared to other error sources
and former versions with larger pointing errors.
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3.2 Validation of NO2 retrievals
As discussed in section 2.1, NO2 is a photochemically highly active species and has a
pronounced diurnal cycle. This causes additional difficulties for validation activities.
Two measurements that are to be compared might have a reasonably small spatial
distance, so a small difference in NO2 could be expected. However, if when they
are performed at different local times (and thus, different SZAs), the retrieved NO2
concentrations are not directly comparable. One of the two profiles has to be photo-
chemically corrected to allow a comparison with the other profile.
For this task a program code has been created which uses model simulations to
perform these photochemical corrections. A similar approach has been used by Butz
et al. (2006). A detailed discussion of the photochemical correction method and asso-
ciated errors is presented by Bracher et al. (2005). This approach has been used for the
correction of the balloon borne measurements discussed in section 4.1.2.
A flowchart of the photochemical correction method is given in Fig. 3.8. At first,
the two NO2 data sources are opened as described in the given configuration file. As
the goal is to compare different data sources with SCIATRAN results, the photochemi-
cal correction is performed on the external data source. This is named data set 1, while
the SCIATRAN results are referred to as data set 2.
Depending on the data source given (e.g. balloon data) a subprogram opens the
given data file and reads the necessary information. Especially coordinates, UT time
and SZA are read. If the data source provides it, additional information (O3 verti-
cal profile, pressure, temperature) is also used. The next aim is to perform photo-
chemical calculations, but the model (TOMCAT/SLIMCAT based, Chipperfield, 2006)
needs more information for that purpose. A complete set of profiles for the simulated
gaseous species is needed.
Therefore, precalculated model results from a 2D model (based on the THIN air
model, Kinnersley, 1996) are used. The 2D model has the dimensions of altitude (in
pressure levels) and latitude. Precalculated model profiles are interpolated to the ge-
olocation of data set 2. Depending on the program settings, pressure, temperature and
ozone profiles are replaced by profiles from data set 1. The original approach was to
use the geolocation of data set 1 for the calculations, but this has one major disadvan-
tage: The difference in position of both measurements has an influence on the SZA at
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Figure 3.8: Outline of the validation algorithm used for photochemical corrections of NO2
profiles. Basically a profile from a selected source (data set 1) will be corrected to allow
comparisons with SCIAMACHY/SCIATRAN NO2 vertical profiles.
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a given time. In certain cases it is possible (as seen in balloon measurements), that the
SZA of the SCIAMACHY measurement (data set 2) does not occur during the simu-
lated day at the geolocation of data set 1. As most validation sources are occultation
measurements, the SZA is usually about 90◦, which is seen from most geolocations
during a day. Therefore, the geolocation of data set 2 is selected.
With these settings, the 1D model (based on TOMCAT) is started and runs for the
model time of two days. The one dimension (1D) is the altitude in km or pressure
levels. The simulation time is needed for the model to stabilize. At the measurement
time or SZA from data set 1 the calculation is stopped. By comparing the NO2 verti-
cal profiles from the 1D model results and the data set 1 NO2 vertical profile scaling
factors F are calculated.
With these scaling factors F (and all other settings unchanged) the model NO2 is
scaled to the data set 1 NO2 vertical profile. As NO2 is highly reactive (see section 2.1)
other trace gases, which are linked through reactions, are also scaled with the same
scaling factors F. These trace gases are NO, nitrate radicals (NO3), dinitrogen pentox-
ide (N2O5), nitric acid (HNO3) and hydroxy nitrate (HNO4). With these changes the
1D model is run again for two days of simulated time.
At time and SZA of data set 2 the model is stopped and the modelled NO2 profiles
are used for comparison with the data set 2 results.
There is one limitation in this concept, which is encountered at the tropopause
height. The precalculated model data is of lesser quality for the troposphere and the
1D model is not optimized either for this altitude region. Therefore, the accuracy of
the photochemical corrections below the tropopause height might be poor. As NO2
limb measurements are less sensitive for the lower troposphere, this is not a problem
for validation at the moment. It must be, however, considered for the UTLS region.
Above the tropopause the approach of a photochemical correction is of valualable and
it is suitable for validations.
The validation program code is of modular design to allow the investigation of
different data sources or initialization models. For example, a more sophisticated 3D
model (B3DCTM, Wieters et al., 2009) could be used instead of the 2D model. The
additional dimension is the longitude, i.e. longitudinal variations can be accounted
for this alternative model. Furthermore, different validation data sources (e.g., the
satellite instruments HALOE, ACE-FTS, and SAGE II) can be utilized.
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Figure 3.9: A comparison for different photochemical corrections is shown for one balloon
borne measurement and two SCIAMACHY based geolocations as seen in Table 4.6. The
photochemical correction described in the present work is marked as ’valfram’
3.2.1 Accuracy of the photochemical correction
To investigate the performance of the validation program, the balloon measurements
from Butz et al. (2006) are photochemically corrected and compared with results from
a different approach. The comparisons are shown in Figures 3.9 and 3.10. The uncor-
rected balloon measurements are shown as grey and dashed lines, while photochemi-
cally corrected (see section 2.5.4) balloon measurements using the approach from Butz
et al. (2006) are depicted as black and dash-dotted lines. Results from the validation
approach described here are shown in red. Chris McLinden (Air Quality Research
Division, Environmental Canada, Toronto, Ontario, Canada) has also provided a set
of photochemically corrected profiles for these balloon data sets, using the University
of California, Irvine, photochemical box model (McLinden et al., 2000; Prather, 1992).
Results from the McLinden approach are shown in blue. Of these three methods,
smoothing is only applied for the approach from Butz et al. (2006).
In most cases, the results are very similar with a difference less than 20%. For very
low NO2 values larger differences than 20% are seen, but in those cases a discussion
of the relative quality is less suitable. There is one case, in which both the validation
program results and the corrections from Chris McLinden are very different compared
to the reference correction from Butz et al. (2006). This case is shown in Fig. 3.9, panel
(b). Since this plot refers to air masses which are only coincident for a range of just
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Figure 3.10: A similar comparison as in Fig. 3.9 is shown for another balloon measure-
ment.
1 km, it is not considered for the validation in section 4.1.2.
For a validation using numerous solar occultation measurements, it appears that
the photochemically corrected NO2 values are over-corrected (i.e. too low) at altitudes
between 30 and 40 km. This becomes prominent, when the SZA of the SCIAMACHY
instrument is small, for example around 30◦. The agreement of SCIAMACHY and any
occultation instrument investigated becomes worse at altitudes higher than 20 km in
the tropics (where SCIAMACHY SZAs are low) without a physical reason. As an anti-
correlation between the SZA and differences between the SCIAMACHY NO2 profiles
and the photochemically corrected NO2 profile from the solar occultation instrument
is seen, a comparison with a different model was necessary.
Using data from a photochemical box model provided by Chris McLinden the di-
urnal cycle from the validation algorithm and the box model model is compared for
one scenario, see Fig. 3.11. Panel (a) shows the initial NO2 profiles. The profile from
the validation algorithm is less smooth in comparison, as it has been scaled to match
the NO2 profile measured from the balloon-borne instrument. From these profiles, the
change in NO2 is shown for three SZAs, namely for 87
◦, 62◦, and 36◦ in panels (b), (c),
and (d), respectively. The agreement between the two methods is best for panel (a),
where the difference is only 3◦ in SZA. Despite a small difference in SZA, these NO2
profiles are about 50% smaller than the profiles at 90◦ SZA - similar to all three panels.
The reason for this is a very rapid change of NO2 at sunrise/ sunset, i.e. around an
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Figure 3.11: Difference in diurnal NO2 changes calculated from the photochemical cor-
rections described here (red) and a photochemical box model (blue).
SZA of 90◦, see Figures 2.3 and 2.4. Although the three SZAs show profiles at similar
orders of magnitude (in most cases in the range of 40 to 60% compared with the profile
at an SZA of 90◦) the difference between the two corrected profiles is largest at small
SZAs. For this reason, the validation using the three different occultation satellite in-
struments is performed with a different approach than the one described above.
It is also important to pay attention to the volume mixing ratios (VMR), as most
instruments investigated provide the NO2 amounts in therms of number densities,
while the models incorporated in the validation program calculate with VMR values.
It is straightforward to convert VMRs to number densities N and vice versa, if the
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temperature T and the pressure p are known:
VMRNO2 = NNO2 ∗ kB ∗ T ∗ 10
6/p (3.3)
NNO2 = VMRNO2 ∗ p/(kB ∗ T ∗ 10
6), (3.4)
where kB = 1.38 ∗ 10
−23 J/K is the Boltzmann constant. Although only a horizon-
tal distance of up to several hundred km (exact value dependent on the validation
source) is allowed between the two collocated measurements, variations of pressure
and temperature or differences in the sources of these data sets (external databases,
e.g. ECMWF) could influence the results. Therefore, once a conversion from number
densities to VMRs is performed, the conversion back to number densities is always
performed using the same pressure and temperature values.
Limitations at higher stratospheric altitudes (anticorrelation of SZA difference and
difference between SCIA and photochemically corrected NO2 profiles) lead to the us-
age of a different approach for the validation with solar occultation instruments. This
is described in section 3.2.2. Still, the approach described above works reasonably well
for balloon borne instruments and as a testing method for the improvement of NO2
retrievals in the UTLS region. For these purposes the method is used in the present
work.
3.2.2 Validation of limb NO2 using solar occultation instruments
Three solar occultation satellite instruments are selected for a large number of com-
parisons, SAGE II, HALOE, and ACE-FTS. For a description of these instruments see
sections 2.5.1 to 2.5.3. Here, the methods and criteria applied in the comparisons are
described, i.e. the criteria for collocation, the method used for the photochemical cor-
rection and a method to estimate the so-called diurnal effect error explained later.
Collocation criteria
It is straightforward to apply the same criteria for collocation requirements to all three
instruments. As a first step, for each collocation pair a maximum spatial difference
of 500 km and a time difference of up to 8 hours is accepted. Secondly, only a differ-
ence of up to 2 km in the tropopause height is allowed. However, if both tropopause
heights are estimated to be lower than 10 km, larger differences are accepted as well.
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The tropopause heights are derived from ECMWF pressure and temperature profiles
using the method described in Hoinka (1998). The tropopause heights are selected
(as nearest neighbour) from a 1.5◦ × 1.5◦ grid (Felix Ebojie, personal communication,
2010).
Additionally, as in Bracher et al. (2004), collocation pairs are rejected, if they are
not both inside or both outside the polar vortex, or basically if they are measured un-
der different vortex conditions. To perform this discrimination, the potential vorticity
(PV) is calculated. The PV is the absolute circulation of an air parcel, which is enclosed
between two isentropic surfaces. On the order of days, the PV of an air parcel is con-
served, if friction and diabatic heating are considered absent. Hence, the potential
temperature difference between two isentropic surfaces of an air parcel is conserved
along the parcel’s directory. The potential temperature is defined as the temperature
of an air parcel, if it is brought adiabatically to surface pressure conditions (about
1000 hPa). A commonly used unit for the potential vorticity is 1 PVU (potential vor-
ticity unit), given as as 10−6m2Ks−1kg−1.
This value, as stated in Houghton (2002), is also useful as a tracer of air motion,
as the PVU is a conserved quantity. Software implemented by Sonkaew (2010) pro-
vides the necessary data, using the UKMO (United Kingdom Meteorological Office)
assimilated meteorological data set (with a grid of 3.75◦ × 2.5◦). As in Bracher et al.
(2004), the collocation pair is accepted if the potential vorticities at the isentropic level
of 475 K for both measurements are less than -40 PVU or higher than 40 PVU. The pair
is are also accepted, if both potential vorticities are in the range from -30 to 30 PVU.
All these criteria are applied automatically, which allows the investigation of a
large number of collocation pairs.
Photochemical correction method
As discussed in section 3.2.1, the method for the photochemical correction described
in section 3.2 does not perform very well at altitudes between 30 km and 40 km. How-
ever, in a comparison with solar occultation instruments which does not focus exclu-
sively on the UTLS altitude region, these altitudes are important. Therefore, a different
approach was chosen and applied for the photochemical correction of solar occulta-
tion measurements.
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Instead of individual model runs, a precalculated data set forms the basis of the
method. For the 1st, 11th and 21st day of each month, a complete diurnal cycle of
NO2 profiles calculated with the chemical box model developed at the University of
California, Irvine (McLinden et al., 2000; Prather, 1992) is provided in a look-up-table.
The latitude grid size is 2.5◦ and for a vertical step size of 2 km, each data set covers the
range from 8 to 56 km. For each collocating pair of a SCIAMACHY NO2 profile and
a NO2 profile from an occultation instrument, matching geolocations and SZAs are
found in the look-up-table. Scaling factors are then determined by dividing the profile
from the look-up-table at the SCIAMACHY SZA by the profile corresponding to the
SZA of the occultation instrument. By multiplying the NO2 values at each altitude
with these scaling factors, the photochemical correction is applied.
Estimating the diurnal effect error
Most retrieval approaches assume a homogeneous atmosphere, i.e. the variation of
the SZA along the light path is not considered, see McLinden et al. (2006). Depending
on the measurement situation this can lead to significant errors, which is referred to
as the diurnal effect error. Especially close to an SZA of 90◦ the concentration of NO2
in the atmosphere changes most rapidly, see Figures 2.3 and 2.4.
For solar occultation instruments, the diurnal effect error can be estimated using
simulated occultation retrievals provided by Chris McLinden. It was discussed in Bro-
hede et al. (2007a), that this error is among other measurement circumstances subject
to seasonal variation. Therefore, the error is estimated for each collocation pair in the
satellite validation sets individually. Two data sets are provided with synthetic NO2
profiles retrieved from simulated solar occultation instruments, one data set with the
diurnal effect in the forward model Ndiurnal and one without Nnodiurnal . An estimated
relative error ediurnal can be calculated:
ediurnal =
Ndiurnal − Nnodiurnal
Nnodiurnal
. (3.5)
The diurnal effect error also affects limb measurements, depending on the SZA, as the
SZA changes from measurement to measurement. For SZAs close to 90◦ the diurnal
effect error is of similar magnitude as for the occultation instruments. For example
in the tropics, where SZAs close to 30◦ are typical for SCIAMACHY measurements, a
less rapidly changing NO2 results in a far smaller diurnal effect error as it is the case
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Figure 3.12: Modelled limb radiance profiles. Figure from Christian von Savigny (pers.
communication).
for solar occultation measurements. Therefore, the influence of the diurnal effect on
the validation efforts can be estimated for the tropics and mid latitudes, under the
assumption that the diurnal effect error for SCIAMACHY limb observations is low.
This cannot be assumed for high latitudes, due to the higher SZA values.
3.3 Improving the NO2 limb retrieval in the UTLS region
Using SCIATRAN for NO2 limb retrieval already provides profiles, which are reason-
ably validated and can be used for studies regarding the stratospheric altitude region.
However, the sensitivity in limb geometry declines close towards the troposphere.
There are several problems rendering retrievals at the UTLS altitude region very
difficult, for example the presence of a significant NO2 maximum in most retrieved
profiles at about 30 km altitude, i.e. above the investigated area. Another important
aspect is that, depending on the wavelength, the atmosphere becomes optically thick
for limb measurements at lower tangent heights, see Fig. 3.12. The wavelength win-
dow used for V3.1 limb NO2 retrievals is 420 to 470 nm. At least below a tangent
height of 10 km NO2 detection will be extremely difficult if not impossible due to
scattering processes.
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To be more precise, sensitivity studies (Rozanov et al., 2005) have shown, that at
about 12 km altitude results regarding the NO2 limb retrieval show a decline in aver-
aging kernels and are also sensitive to changes in pressure and temperature informa-
tion. Changing the a priori profile also has a significant effect at these altitudes, which
also indicates a reduced sensitivity. Figure 3.13 shows as an example, how averaging
kernels decline at lower tangent heights, which is seen more clearly in the left panel.
Figure 3.13: Example averaging kernels for SCIATRAN V3.1 retrieval for the tropics (left)
and high latitudes (right), as seen in Figures 3.1 and 3.2. At lower altitudes averaging
kernels are weaker, displaying lower sensitivity and a stronger influence of the a priori
information.
It is however worth the effort to optimize the retrieval process for the UTLS re-
gion around 10 - 12 km for high latitudes. Even a small improvement in sensitivity
justifies the effort, since in this altitude region interesting atmospheric processes of
anthropogenic and natural origin can be investigated.
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3.3.1 Sensitivity studies
In this section the possibility of detecting changes in NO2 amounts in the UTLS region
is investigated. The first aim is to obtain an estimate of expected enhancements in NO2
amounts at these altitudes. This estimation is needed for the decision, if the achieved
sensitivity is sufficient to allow a detection of increased NO2. Based on results from
Gauss et al. (2006) a maximum of 45 pptv increase in NO2 is estimated for the case of
NO2 from airplane emissions in high-traffic flight corridors and this value is used as
the basis for the sensitivity studies.
SCIATRAN works both as a retrieval algorithm and a forward model. Used as a
forward model starting with given vertical profiles synthetic spectra are simulated.
Those vertical profiles can be perturbed using the information above. Using the per-
turbed profiles in the forward model, results in different simulated spectra. A SCIA-
TRAN retrieval can be performed on those spectra and the difference in the retrieved
NO2 profiles between the unperturbed and perturbed cases gives an estimate on the
actual sensitivity.
A limitation of this approach is that it can only be as good as the knowledge about
the atmosphere implemented in SCIATRAN. However, it provides a comparison, that
can not be provided by in situ measurements. Two perfectly identical measurement
scenarios would be needed, and the only difference should be the perturbation which
is to be detected. In situ and other data sources are still extremely valuable, but rather
for validation purposes as performed in section 4.1.
Four synthetic scenarios are used, each for a different month. The four months
are January, April, July and October. After performing these retrievals the first step is
to check how a perturbation at 11 to 12 km is expected to affect the retrieved profile.
This is performed by a convolution of the averaging kernels with the high resolution
perturbance:
xˆ = x0 + Aˆk(xp − x0) (3.6)
Here Ak are the averaging kernels, x0 is the true profile and xp is the perturbed profile.
The profile information is given on a 1 km grid. The result can be seen in 3.14 for a
synthetic perturbation of an increased NO2 VMR by 45 ppt at 11 km and 12 km when
using both, the 420 to 470 nm and the 520 to 560 nm spectral regions. The blue line
shows the a priori profile, while the red line shows the selected perturbation. The
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Figure 3.14: A synthetic perturbation in the NO2 concentration of 45 ppt at 11 km and
12 km has been convoluted with averaging kernels for four scenarios. The averaging
kernels are based on a retrieval using both, the 420 to 470 nm and 520 to 560 nm spectral
regions.
convoluted profile resulting from equation 3.6 is marked in black. Mainly due to the
resolution of the SCIAMACHY instrument the perturbation is smoothed considerably.
As a consequence, even if an emission source produces more local NO2 than needed
judging from theoretical precisions, this smoothing effect has to be considered. A very
localized peakmay not be observed as a sharp peak in the resulting profiles. However,
this does not mean that the retrieval is insensitive to NO2 perturbations
The next step is the investigation of actual retrievals. The convolution approach
in the last paragraph has one interesting advantage: It avoids retrieval artifacts. In
synthetic retrievals (and even more, in real retrievals) artifacts can occur, e.g. poor
convergence leading to surprisingly large peaks or unphysical results. The judgement
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Figure 3.15: This figure shows theoretical precisions using different retrieval settings. The
black line shows the results for the 420 to 470 nm spectral range, the red line for 520 to
560 nm and the blue line for both spectral windows combined.
if a large peak is not the result of a good set of retrieval settings, but rather a retrieval
error, is very important for sensitivity studies and retrievals in general.
Investigation of theoretical precisions needs to be performed as well. Results seen
in Fig. 3.15 show an interesting comparison of the three investigated settings regard-
ing the spectral region. The 520 to 560 nm spectral region shows the worst theoretical
precision, while the other two settings do not seem to differ significantly in their theo-
retical precisions. Although the difference to the 420 to 470 nm range is not large, the
theoretical precisions for the combined setting show the best results.
Synthetic retrievals are performed using different spectral regions. Figures 3.16
to 3.17 all show a signal to noise ratio of 10,000. This value is however not reached
by single SCIAMACHY measurements, but reflects the usage of a number of profiles
for averaging, as it is performed in section 4.3. From the performed simulations, two
scenarios are shown here: Figure 3.16 depicts the ’January’ scenario and Figure 3.17
the ’October’ scenario. In both cases, the three different spectral ranges were used for
the retrievals, while all other settings remained unchanged if possible. The two graphs
at the top are retrieved with a spectral range of 420 to 470 nm, the middle ones with
520 to 560 nm and the plots at the bottom with the combined spectral range 420 to
470 nm and 520 to 560 nm. The panels on the left show the NO2 retrieval results, and
on the right the averaging kernels are shown. The altitudes for the averaging kernels
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Figure 3.16: Synthetic retrievals for different spectral ranges simulated for a January sce-
nario are shown.
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are written as numbers in km in the same color. The black line in the left panels is
the retrieval result for the unperturbed profile. The retrieved profile of the perturbed
case is shown as blue, while the true, perturbed profile is seen as a grey line. The red
curve is the convoluted true profile, i.e., the profile which is expected to be seen by the
retrieval.
It can be easily seen from Fig. 3.15, that the 520 to 560 nm scenario provides the
least useful results. The averaging kernels show, that the influence of the a priori is
large and in addition the sensitivity is low. It can be concluded, that this spectral
region alone is not very useful for this particular task. At least, the retrieval is not
completely insensitive, there is a difference between the perturbed and unperturbed
profiles.
The results from a retrieval taking into account both spectral regions are seen in the
respective bottom panels. Although the difference between the unperturbed (black)
and the perturbed (blue) retrieval results does not show a large improvement if com-
pared with the 420 to 470 nm results in the top panels, the deviation from the true
profile is much smaller and the enhanced value is originating from the perturbation
and not so much enhanced from a retrieval artifact. Concluding from these results,
the reliability if the two spectral regions are used is better than if only one spectral
window is used. This change represents an improvement for the retrieval. Further-
more, there is an improvement in the averaging kernels for lower altitudes, as shown
in Figures 3.16 and 3.17. From this it can be concluded, that an increase in sensitivity
is obtained from the usage of both spectral regions.
It is also worth to note the consequence of needing high signal to noise ratios:
Retrieved profiles have to be averaged to produce meaningful results. Monthly and
seasonal means are to be computed as in section 4.3. Sensitivity in single profiles
might only be sufficient for retrieval of strong emissions, like from lightning events as
investigated in section 4.2. In this section only synthetic retrievals are analyzed, the
results have to be validated as in section 4.1.
3.3.2 NO2 limb retrieval implementation optimized for UTLS
From the sensitivity studies (see section 3.3.1) it can be concluded, that the use of
a second spectral region in the retrieval process leads to an improvement. It is not
intended to adapt the spectral region for the stratospheric altitude region, since in
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Figure 3.17: This figure shows simulated retrieval results as in Fig. 3.16. An October
scenario is shown here.
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that case the spectral region of 420 to 470 nm is a well tested and validated choice,
see Rozanov et al. (2005). Adapting a second spectral range from 520 to 560 nm here
is the major difference with respect to the alternative retrieval approaches described
starting on page 28. For these approaches, similar spectral ranges as the 420 to 470 nm
range are preferred (if the retrieval is performed for an instrument which measures in
the UV- visible range). At higher altitudes an improvement from applying the second
spectral region (520 to 560 nm) in addition to the 420 to 470 nm range is not expected.
The goal of the present study is to combine the advantages of both spectral regions.
Results from the tested and validated version 3.1 of the Bremen NO2 product are used
as a priori profiles. To simplify the discussion, the improved version discussed here is
designated as version 3.2 in the context of this work. Since a significant improvement
above an altitude of 20 km in the limb profiles is not expected, the regularization is
set to strict settings in that altitude region, i.e., the resulting profile is not expected to
differ much from the a priori profile of stratospheric NO2 values. This will result in
potentially misleading averaging kernels, because a higher influence of the a priori
profiles is usually to be avoided.
One of the reasons for this unconventional approach is the choice of the retrieval
settings. Instead of using the information operator approach as in the V3.1 product
version, SCIATRAN is set to perform optimal estimation for UTLS retrievals. The
SCIAMACHY NO2 limb V3.1 settings tend to suppress small deviations for the UTLS
region, which are not desired. The basic setup is illustrated in Fig. 3.18.
Figure 3.18: This figure shows the setup for the modified retrieval approach.
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(a) NO2 retrieval example
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Figure 3.19: An example for the retrieval fromV3.1 and V3.2 is given. As intended, the av-
eraging kernels are weak in V3.2 for higher altitudes compared with V3.1 and are similar
or better at lower altitudes.
To achieve an altitude-dependent regularization, the diagonal elements of the a pri-
ori covariance matrix are changed depending on the altitude. For the altitude of 40 km
a variance of only 3% is considered, while the variance for 5 km is set to 36 %. The
values for other altitudes are generated by linear interpolation.
One unfortunate aspect is related to the correction spectra. For technical reasons,
no Ring correction spectra for the additional spectral region 520 to 560 nm could be
calculated. However, using a series of tests investigating the influence of the eta, Ring
and undersampling correction spectra, the Ring correction has been found to be of
minor influence on the retrieval results. All other correction spectra were successfully
extended for the second spectral range and included in the retrieval. Table 3.2 gives an
overview of the changes. Changed settings with respect to the SCIATRAN NO2 V3.1
retrieval are highlighted by the boldface. It is also possible to apply different settings
for the two spectral regions for some options, such as the polynomial degree. If not
stated otherwise, each option is applied to both spectral regions.
An example retrieval is shown in Figure 3.19. The profile belongs to the orbit
number 8495, state number 10, azimuth number 3 of 4 (counting from 0), an SZA
of 55.7◦, and the average coordinates at the tangent point are 45.3◦ N and 39.98◦ W.
The measurement was performed on the 15th of October in 2003 at 13:23:06 UT. As
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SCIATRAN improved retrieval parameter settings
Forward model SCIATRAN 2.2modified
Spectral region 420 – 470 nm & 520 – 560 nm
Surface albedo 0.3
Clouds treatment neglected in the retrieval, cloud in-
formation included in the output
files
Weighting functions type single scattering
Atmospheric species in the forward
model
NO2, O3, O4
Retrieved Atmospheric species NO2, O3
Reference tangent height number 15 (≈ 43 km)
Tangent heights selected for the re-
trieval
5 – 14 (≈ 9 – 40 km)
Polynomial order 3
Spectral corrections shift, offset, undersampling, eta
(Ring switched off)
Spectral smoothing No
A priori uncertainty modified source code, see text
Signal to Noise Ratio estimated from spectral residuals
Correlation length 1.5 km
Additional regularization Tikhonov smoothing is switched
off.
Solution method optimal estimation
Eigenvalue threshold not applicable, since optimal esti-
mation is used
Iterative scheme Newton
trace gas replacement SCIATRANV3.1 NO2 vertical pro-
file
Table 3.2: These are the changed retrieval settings for version V3.2. Changes with re-
spect to SCIATRAN V3.1 retrieval parameter settings (see Table 2.2) are marked by the
boldface.
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expected, the difference between these two profiles is small above 17 km, and only
below this altitude significant differences are seen in panel (a). Above 20 km, the
averaging kernels of V3.1 are larger than for V3.2. This is intended, as V3.1 serves
as a priori profile and while V3.2 is intended to increase the sensitivity in the UTLS
region,no improvement from the additional spectral range is expected in the 20 to
40 km altitude range. At lower altitudes however, the a priori constraints are less
strict, allowing larger deviation from the V3.1 a priori profile, resulting in a different
NO2 profile and stronger averaging kernels at 15 km. It should be noted, that this
behaviour is not seen in every single profile. There are examples, where the averaging
kernels of V3.2 are of the same magnitude at low altitudes compared with V3.1.
Generally, applications and retrievals of both the V3.1 product version and the ver-
sion improved for UTLS (V3.2) described here, are to be investigated and validated in
detail. As V3.1 is used to produce a priori profiles for V3.2, both versions are impor-
tant for the sensitivity of the V3.2 approach, and thus the validation and discussion of
V3.1 data sets in chapter 4 is equally important.
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4.1 Validation of NO2 retrieval results
The retrieval of NO2 is a challenging task with a lot of possible error sources and
a sophisticated method is needed to determine the NO2 amount in the atmosphere
from satellite measurements.
Assessing the quality of NO2 limb retrievals is not trivial. Not all error sources can
be quantified in advance and, thus, validation is the only way to estimate the overall
error of the retrieved quantities. It is therefore mandatory to validate the results us-
ing other sources for NO2 profiles. These validation sources have to be as precise as
possible, and preferably obtained from a different retrieval method, e.g., in situ mea-
surements or results based on the IR spectral region. In this section, various sources
for NO2 profiles in the atmosphere are used for validation. For a description of each
source see section 2.5.
4.1.1 Solar occultation instruments
The validation using the solar occultation instruments is performed in a similar way
for each instrument. It is straightforward to discuss results from these instruments
together in a separate section, as the differences between these three instruments re-
garding the validation of NO2 can be analyzed in addition. The results presented in
this section have been published in Bauer et al. (2011)1.
1The following text in Section 4.1.1 is included in the final revised version. However, the peer re-
view process is not fully completed yet. While the text presented here is written by the author of this
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The validation results are shown as scatter plots (for SCIAMACHY profiles and
the respective photochemically corrected profile) for three different altitude regions,
given as partial vertical NO2 columns (20 to 25 km, 28 to 32 km and 35 to 40 km). This
means, that the NO2 amounts are summed up in 1 km steps for each altitude range.
In each scatter plot, results from different latitude regions are identified by color, i.e.,
black for 90◦N to 60◦N, red for 60◦N to 30◦N, blue for 30◦N to 30◦S, green for 30◦S
to 60◦S, and brown for 60◦S to 90◦S. To avoid bias resulting from seasonal differences
in NO2 amounts, collocations from each season are analyzed separately. For exam-
ple, the panels marked with D,J,F (December, January, February) contain collocations
from the meteorological winter in the Northern Hemisphere and meteorological sum-
mer in the Southern Hemisphere. Linear regression parameters are also given (three
cases: all/sunset/sunrise collocations) and the linear regression curve is plotted for
all collocations in the scatter plot.
For further investigation, at each altitude h the relative difference RD can be calcu-
lated for each collocation pair, defined as:
RD(h) =
xSCIA(h)− xVal(h)
(xSCIA(h) + xVal(h))× 0.5
, (4.1)
with xSCIA as SCIAMACHY NO2 number densities and xVal as number densities from
the respective validation source. The profiles are normalized with respect to the av-
erage of the mean SCIAMACHY NO2 profile xSCIA and the mean profile from the
validation source xVal. Both mean NO2 are calculated from the respective collocation
subset. This definition avoids the problem of overemphasized relative deviations due
to occasionally very small NO2 amounts.
4.1.1.1 SAGE II
In Fig. 4.1, a comparison for the profiles in 2003 and 2004 is given for SAGE II and
SCIAMACHYwith 2338 comparisons, after all collocation criteria are applied as men-
tioned in Sect. 3.2.2. Of these 2338 cases, 1121 SAGE II measurements were performed
during sunset and 1217 during sunrise. The panels on the lefthand side represent
partial vertical columns from 20 to 25 km, the middle columns from 28 to 32 km
thesis, coauthors have contributed mainly with data sets and support. Their individual contribution is
mentioned in the acknowledgements at the end of the present work.
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Table 4.1: Latitude ranges for all collocations with SCIAMACHY for each season and
instrument in the years 2003 and 2004 (2004 and 2005 for ACE-FTS)
Months SAGE II HALOE ACE-FTS
D,J,F 56.6◦N - 78.0◦S 56.0◦N - 73.2◦S 80.0◦N - 68.4◦S
M,A,M 80.3◦N - 79.5◦S 78.0◦N - 74.9◦S 83.4◦N - 78.8◦S
J,J,A 78.0◦N - 54.3◦S 72.5◦N - 54.7◦S 68.2◦N - 63.6◦S
S,O,N 78.1◦N - 68.6◦S 77.8◦N - 78.7◦S 83.7◦N - 76.0◦S
and the panels on the righthand side from 35 to 40 km. The upper panels include
collocations from the months December, January and February (winter in the North-
ern Hemisphere and summer in the Southern Hemisphere), the panels (d) to (f) the
months March, April and May, panels (g) through (i) the months June, July and Au-
gust, while the lowermost panels (j) to (l) contain collocation pairs from September,
October and November. In each panel, latitudinal regions are color-coded, i.e. black
for 90◦N to 60◦N, red for 60◦N to 30◦N, blue for 30◦N to 30◦S, green for 30◦S to 60◦S,
and brown for 60◦S to 90◦S. It should be noted, that due to the orbits of the satellite
instruments, collocations might not be found for some seasons and latitude bins, as
listed in Table 4.1. For example, in NH winter season (December, January and Febru-
ary) no collocations in the 90◦N to 60◦N latitude range are found for SAGE II, see also
Panels (a) to (c) of Fig. 4.1.
While for lower altitudes (20 to 25 km and 28 to 32 km) the squared correlation co-
efficient r2 is larger than 0.80 in most cases and the slope is mostly close to 1, this is not
the case for the 35 to 40 km altitude range. At these altitude levels, NO2 amounts are
generally small. Thus, the dynamic range is not high enough to calculate a meaningful
linear correlation.
For sunset measurements, r2 is higher than for sunrise measurements with the no-
table exception of the uppermost panels, which include a large number of SAGE II
sunrise measurements in the SH summer. Generally, the quality of SAGE II NO2 re-
sults is lower for sunrise measurements as a result of technical issues, see Cunnold
et al. (1991). This is also seen in a comparison with ACE-FTS (Kerzenmacher et al.,
2008), which agrees well with sunset SAGE II NO2, but has a significant high bias
compared to sunrise SAGE II NO2 amounts. This high bias is, however, not seen
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Figure 4.1: Scatter plots of collocated SCIAMACHY and photochemically corrected
SAGE II NO2 results for the years 2003 and 2004 are given for partial vertical columns
and grouped in 4 seasonal and 3 altitude ranges (20 to 25 km, 28 to 32 km, and 35 to
40 km). In each panel, collocated pairs from different latitude regions are shown with dif-
ferent colors (black for 90◦N to 60◦N, red for 60◦N to 30◦N, blue for 30◦N to 30◦S, green
for 30◦S to 60◦S, and brown for 60◦S to 90◦S).
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when comparing ACE-FTS to the other satellite instruments in the analysis.
To discuss the results of the scatter plots, average NO2 profiles are calculated and
shown in Fig. 4.2. Averaged SCIAMACHY NO2 amounts for each bin are shown in
black, and standard deviations of these values calculated for the particular colloca-
tion sample are given as black dashed lines. Photochemically corrected and averaged
SAGE II NO2 amounts are plotted as red line, and the respective standard deviations
are shown as red-dashed line. As expected for SCIAMACHY measurement condi-
tions, the NO2 levels are largest in summer conditions at high latitudes. In NH sum-
mer (JJA) conditions, NO2 levels decrease southwards with the lowest values seen
in the 30◦S to 60◦S latitude range. Unfortunately, there are no collocations available
south of 54.3◦S, see Table 4.1. This is mirrored in NHwinter conditions (DJF), with the
largest NO2 amounts in the South (30
◦S to 60◦S). In the Tropics (30◦N to 30◦S), NO2
levels are low on average, especially at altitudes below 25 km. This directly influences
the validation results, as high NO2 levels are expected to be easier detected. Also,
the same absolute NO2 errors result in large relative differences, if the NO2 levels are
small.
From the relative differences (RD) calculated with Eq. 4.1, mean values (MRD)
are computed for each latitude/season bin and summarized in Table 4.2. The MRD
values are given for an altitude range from 20 to 40 km for sunset and sunrise val-
ues separately. The MRDcorr. values are related to the diurnal effect error correction
and are discussed later. In the same table, SZAs and average local times l.t. for the
SCIAMACHY measurements and the number of collocations, n (sunset/sunrise), are
given. The MRD is not calculated for cases with less than 10 collocations. Since SCIA-
MACHY measurements at NH high latitudes can include afternoon measurements,
these local times are averaged separately. Large relative NO2 differences can be found
in tropics, while small MRDs are correlated whit higher NO2 amounts. Also, the un-
certainty of the photochemical correction increases from high latitudes to the tropics.
It is noteworthy, that between 90◦N to 60◦N, SAGE II NO2 levels are generally higher
than SCIAMACHY. Since all measurements at 90◦N to 60◦N in this comparison are
sunset measurements, this agrees well with Bracher et al. (2005). Similar results were
also reported for the comparison of data from MIPAS (Michelson Interferometer for
Passive Atmospheric Sounding) instrument on ENVISAT with SAGE II results, see
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Figure 4.2: From the SCIAMACHY and SAGE II collocation pairs for 2003 and 2004, ver-
tical NO2 profiles are averaged for collocation subsets of different latitude ranges and
seasons. The panels are ordered from top to bottom depending on latitude range, with
northern latitudes on top. The panels are also ordered from left to right depending on
season. In each panel, the NO2 profiles are averaged for SCIAMACHY (black line) and
photochemically corrected SAGE II NO2 profiles (red). The standard deviations for both
subsets are given as dashed lines in the respective color and added/subtracted from the
averaged profiles.
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Wetzel et al. (2007). At 76◦N to 60◦N and pressure levels from 32 to 2.7 hPa, mean rela-
tive differences (normalized w.r.t. to SAGE II) were found to be within -32 to -11% for
several months from April to September in 2002 and 2003. This agrees well with the
present results at similar regions and timeframes (e.g., -36% to -8% at 90◦N to 60◦N in
June to August (J,J,A)). While the results for other latitude ranges agree less well, the
tendency for more positive MRDs at southern latitudes is present as well (e.g. 63◦S to
80◦S in December and February, 27 to 2.3 hPa, 0 to 38% compared with -10 to 6% in the
present work). Unfortunately, the distribution of the coincidences between SAGE II
sunset and sunrise measurements was not discussed, which might have an impact on
the mean relative differences.
An important error source in the compared data is the diurnal effect error. NO2
concentrations from solar occultation instruments show a significant high bias at al-
titudes below 25 km if the diurnal effect is not considered. Since it is known to vary
depending on latitude and season (Brohede et al., 2007a), an individual error estima-
tion is calculated for each collocation pair. For profiles and latitude zones (except for
high latitudes) shown in Fig. 4.2, the mean values for the relative diurnal effect error
are presented in panels (a) to (c) of Fig. 4.3.
To estimate the influence of the diurnal effect error on retrieved NO2 profiles, each
photochemically corrected SAGE II NO2 profile is adjusted with the matching esti-
mated diurnal effect error. As sunset and sunrise measurements are expected to lead
to different results, the correction is applied separately for these cases. The red curve
in panels (e) to (x) shows averaged RDs calculated with Eq. (4.1) for SAGE II sunset
conditions while sunrise conditions are shown in orange. In both cases, a dotted line
gives the mean relative differences MRDcorr. after the diurnal effect error correction
has been applied. The MRDcorr. values are summarized in Table 4.2.
This is not done for high latitudes, as the SCIAMACHY profiles with high SZAs
are also expected to be significantly influenced by the diurnal effect error. Although
the agreement is improved for sunset measurements, the relative differences increase
for sunrise measurements. As discussed before, there is a significant difference be-
tween SAGE II NO2 sunset and sunrise NO2 comparisons with sunset measurements
believed to be of a better quality, which is a known feature of SAGE II.
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Figure 4.3: Panels (a) to (c): Relative diurnal effect errors for the SAGE II profiles shown
in Fig. 4.2. A model was used to estimate the diurnal effect error for each SAGE II occul-
tation. These represent the mean errors over the latitude/seasonal bin. The influence of
this error on the agreement between the SAGE II and SCIAMACHY is estimated in panels
(i) to (t) for each latitude and season. MRDs with photochemical corrections and without
diurnal scaling are displayed as red (sunset) and orange (sunrise) solid lines. MRDs with
consideration of the diurnal effect are given as dashed lines with the same color-coding.
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Table 4.2: Mean relative differences (MRD) for all SAGE II comparisons and for an altitude range from 20 to 40 km, respectively.
Mean solar zenith angles SZA and mean local times l.t. for SCIAMACHY are given for each bin. MRDcorr. represents comparisons,
where an additional diurnal effect error correction can be applied.
months latitude SCIA SCIA l.t. n MRD min/max/avg [%] MRDcorr. min/max/avg [%]
range SZAs am(pm) SS/SR all SS SR SS SR
DJF 90◦N - 60◦N 0/0 n<10
60◦N - 30◦N 55.9-76.8 10.0 83/119 -36/6/-11 -67/-13/-31 -8/24/8 -57/-11/-29 -21/59/19
30◦N - 30◦S 34.2-57.8 9.6 36/36 -2/13/5 -45/-6/-21 15/88/40 -32/-2/16 21/112/51
30◦S - 60◦S 50.1-59.0 8.7 0/27 -19/16/5 n<10 -19/16/5 n<10 -3/19/12
60◦S - 90◦S 50.3-89.7 7.8(22.9) 0/200 -10/18/6 n<10 -10/18/6
MAM 90◦N - 60◦N 55.7-86.9 11.3(17.2) 129/0 -43/-6/-15 -43/-6/-15 n<10
60◦N - 30◦N 22.7-61.8 10.0 6/76 -2/14/7 n<10 0/16/9 n<10 0/26/15
30◦N - 30◦S 22.8-62.3 9.4 13/131 10/29/19 -70/4/-19 12/37/23 -48/8/-13 20/57/33
30◦S - 60◦S 58.3-84.5 8.8 100/67 -28/12/-3 -49/3/-13 -17/22/3 -24/6/-6 2/39/16
60◦S - 90◦S 73.3-80.7 7.3 0/6 n<10 n<10 n<10
JJA 90◦N - 60◦N 39.1-87.2 11.3(19.1) 317/0 -36/0/-8 -36/0/-8 n<10
60◦N - 30◦N 26.9-51.9 9.9 0/38 6/24/14 n<10 6/25/15 n<10 14/37/23
30◦N - 30◦S 24.6-61.6 9.4 22/113 1/32/16 -69/0/-22 5/50/25 -48/4/-17 14/74/37
30◦S - 60◦S 57.0-84.6 8.8 130/75 -52/1/-18 -66/-4/-24 -31/16/-6 -57/-2/-20 -40/65/9
60◦S - 90◦S 0/0 n<10
SON 90◦N - 60◦N 54.6-87.3 11.1(16.5) 135/0 -35/-4/-12 -35/-4/-12 n<10
60◦N - 30◦N 40.6-74.8 10.0 111/72 -23/5/-6 -44/-2/-16 -4/20/7 -31/-1/-12 5/36/17
30◦N - 30◦S 26.2-51.9 9.5 71/75 0/20/11 -37/7/-10 18/78/36 -20/11/-3 25/97/48
30◦S - 60◦S 39.1-75.1 8.6 0/72 -2/22/10 n<10 -2/22/10 n<10 -11/25/15
60◦S - 90◦S 47.6-89.7 8.2 0/76 -7/4/-1 n<10 -7/4/-1
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4.1.1.2 HALOE
Similarly to SAGE II, available data allow a comparison of the years 2003 and 2004 for
HALOE. A total of 2592 comparisons are performed, of which 913 are done during the
HALOE sunset and 1679 during the sunrise. As for SAGE II, the comparison results
are presented as a scatter plot, see Fig. 4.4. In comparison, the r2 levels are mostly
closer to 1, and the differences between sunset and sunrise linear regression parame-
ters are smaller. For 20 to 25 km and 28 to 32 km, the SCIAMACHY NO2 amounts are
smaller on average compared with HALOE NO2.
Fig. 4.5 shows the averaging vertical distributions from SCIAMACHY andHALOE
in the similar way as it was done for SAGE II (see Fig. 4.2). Again, the MRD values
in Table 4.3 are smaller for latitude/season bins with generally larger NO2 amounts.
Contrary to SAGE II, it is the SCIAMACHY product which shows larger NO2 amounts
than HALOE, at least for altitudes below 20 km, which are not displayed in the scatter
plot (Figure 4.4), but for MRD values in Fig. 4.6. At altitudes above 22 to 25 km,
SCIAMACHY NO2 shows a low bias compared with HALOE NO2 for NH and SH
high latitudes. A low bias in HALOE NO2 v17 was discovered in Gordley et al. (1996)
for altitudes below 25 km, and aerosols were reported as a major error source. For
HALOE NO2 v19, a comparison with the shuttle-based FTIR-instrument ATMOS is
done by Randall et al. (2002), which indicates that the low bias of about 0.5 ppbv for
HALOE at low altitudes was reduced to 0.2 to 0.3 ppbv in the new version. It is stated,
that with the low NO2 levels below 25 km, this can still result in a negative bias of up
to 40%. In Borchi & Pommereau (2007), a low bias or altitude mismatch for O3 is
reported at altitudes below 23 km in the tropics for HALOE v19. This indicates, that
the positive bias of SCIAMACHY seen below 25 km is most probably due to quality
issues of HALOEdata. Additionally, HALOENO2 retrieval applies a correction for the
diurnal effect error, which would lead to a negative bias of SCIAMACHY compared
with HALOE if uncorrected.
4.1.1.3 ACE-FTS
The third instrument to compare with is ACE-FTS. Because of the mission time, the
years 2004 and 2005 are chosen for investigation. In this comparison, 525 collocations
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Figure 4.4: Same as Figure 4.1, but for HALOE data.
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Figure 4.5: Same as Fig. 4.2, but for HALOE data.
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Figure 4.6: MRDs between SCIAMACHY and photochemically corrected HALOE NO2
profiles are displayed as blue (sunset) and cyan (sunrise) solid lines for each latitude and
season.
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Table 4.3: Same as Table 4.2, but for HALOE collocations. An altitude range from 20 to
40 km is covered. MRDcorr. values are not given, as the diurnal effect error correction can
not be applied for HALOE, as HALOE NO2 is already corrected for this.
months latitude SCIA SCIA l.t. n MRD min/max/avg [%]
range SZAs am(pm) SS/SR all SS SR
DJF 90◦N - 60◦N 0/0 n<10
60◦N - 30◦N 54.9-75.9 10.0 116/139 -9/48/8 -11/42/2 -9/55/14
30◦N - 30◦S 28.4-55.3 9.4 16/70 3/34/16 -16/88/11 7/34/18
30◦S - 60◦S 31.1-50.8 8.8 0/35 -25/19/-1 n<10 -25/19/-1
60◦S - 90◦S 46.8-72.8 8.0 18/86 -13/3/-6 -23/-3/-16 -10/6/-4
MAM 90◦N - 60◦N 57.8-87.7 11.0(18.9) 70/108 -46/16/-7 -70/12/-11 -18/24/-3
60◦N - 30◦N 38.5-61.4 10.0 33/38 -5/23/5 -12/23/-1 -1/26/9
30◦N - 30◦S 23.1-62.3 9.5 56/125 3/57/21 -8/59/12 7/56/26
30◦S - 60◦S 54.1-78.6 9.0 32/87 -6/37/10 -7/30/4 -6/40/12
60◦S - 90◦S 65.6-78.8 7.9 0/166 -19/7/-4 n<10 -19/7/-4
JJA 90◦N - 60◦N 40.4-87.1 10.8(20.1) 132/131 -13/6/-5 -11/2/-6 -17/13/-3
60◦N - 30◦N 27.7-34.6 9.8 0/13 14/33/24 n<10 14/33/24
30◦N - 30◦S 22.1-62.9 9.4 17/76 4/45/17 -24/27/2 7/52/21
30◦S - 60◦S 54.4-82.9 8.9 91/118 -10/78/12 -13/54/4 -8/102/20
60◦S - 90◦S 0/0 n<10
SON 90◦N - 60◦N 55.6-69.8 11.0(12.3) 117/62 -7/24/1 -7/26/1 -8/21/2
60◦N - 30◦N 40.5-72.0 10.0 84/153 -1/32/9 -6/33/4 2/32/12
30◦N - 30◦S 26.9-54.5 9.5 94/120 0/20/8 -6/82/14 -25/14/5
30◦S - 60◦S 29.4-68.1 9.0 10/40 -7/29/6 -18/18/-4 -7/31/8
60◦S - 90◦S 66.6-89.7 6.8 27/112 -13/6/-7 -30/4/-10 -13/14/-5
in 2004 are used (304 at ACE-FTS sunset, 221 at sunrise) and 1143 collocations (513 at
sunset, 630 at sunrise) in 2005.
A large number of profiles in 2004 (525 collocations, 304 at ACE-FTS sunset, 221 at
sunrise) is used for this comparison, and even more (1143 collocations, 513 at sunset,
630 at sunrise) for the year 2005. However, with 879 sunset and 920 sunrise profiles,
this is the smallest dataset of the three instruments. Scatter plots are shown in Fig. 4.7
revealing generally high r2 values, larger than 0.9 in all cases below 35 to 40 km (Both
sunset and sunrise measurements are included).
Fig. 4.8 shows the averaged NO2 profiles in each latitude/season bin, where SCIA-
MACHY results are shown as a black line with the standard deviations for the subset
of collocations as a dashed black line. Photochemically corrected and averaged ACE-
FTS NO2 profiles are given as a green line, while the standard deviations for each
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Figure 4.7: Same as Fig. 4.1, but for ACE-FTS. Data sets from the years 2004 and 2005 are
shown in this figure.
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subset of profiles are shown as dashed green lines. Contrary to HALOE and SAGE II,
collocations are also available at 90◦N to 60◦N in NH winter and 60◦S to 90◦S in SH
winter. About 50% of all collocations are found between 90◦N to 60◦N in just two
seasons, namely, in March, April and May (487 collocations), and in September, Oc-
tober and November (409 collocations). Two latitude/seasonal bins in the Southern
Hemisphere contain less than 10 collocations in December, January and February. The
summary of MRDs for SCIAMACHY to ACE-FTS comparisons is given in Table 4.4.
With the same method as applied for SAGE II, the possible influence from the
diurnal effect is removed from each photochemically corrected ACE-FTS profile, see
Fig. 4.9. Although in many cases the MRDcorr. values are larger above 25 km, an con-
siderably improvement below this altitude for both tropics and middle latitudes is
seen for both sunset and sunrise measurements, i.e. MRDcorr. is closer to zero in most
cases. Contrary to SAGE II, this correction can be regarded as an improvement for
both sunset and sunrise ACE-FTS NO2, at least at altitudes below 25 to 30km. Also
not considering the diurnal effect correction, averaged MRD values for sunset and
sunrise measurements do not show the large differences seen for SAGE II. However,
the number of collocations, n, is low in many latitude/seasons bins for either sunset
or sunrise measurements appears. Excluding 90◦N to 60◦N and 60◦S to 90◦S, where
the assumption of low diurnal effect errors for SCIAMACHY is not valid, the MRDcorr.
values are given in Table 4.4.
In Kerzenmacher et al. (2008), ACE-FTS V2.2 NO2 VMR profiles were compared
with data from a number of instruments. It was found, that ACE-FTS NO2 has a
small negative bias (about 10%) in the 23 to 40 km altitude range. This agrees well
with the (varying) positive bias of SCIAMACHY limb NO2 in Figure 4.9 for altitudes
above 25 km. The negative bias below this altitude can be mostly attributed to the
diurnal effect error. This statementmight also be true for theNH and SHhigh latitudes
(Fig. 4.8), but this cannot be analyzed with the present method.
4.1.1.4 Discussion
Summing up the results from the three instruments, the lowest MRDs are found at
high latitudes and summer conditions (North and South) and all three instruments
show a reasonable agreement with SCIAMACHY, although distinct features are seen.
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Figure 4.8: Same as Fig. 4.2, but for ACE-FTS. Instead of 2003 and 2004, datasets from
2004 and 2005 are averaged in this figure.
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Figure 4.9: For the latitude regions and seasons investigated in Fig. 4.8, the relative diur-
nal error for ACE-FTSmeasurements is estimated and averaged in panels (a) to (c). Panels
(d) to (p) show estimates of how this error influences the MRD between photochemically
corrected ACE-FTS and SCIAMACHY limb NO2 amounts. The solid green lines shows
theMRD of photochemically corrected NO2 sunset profiles fromACE-FTS without the di-
urnal effect with SCIAMACHY results, and the green dashed line with the diurnal effect.
The same calculations are performed for sunrise measurements, with MRD values shown
as violet solid lines, and violet dashed for MRDcorr. values with considering the diurnal
effect.
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Table 4.4: Same as Table 4.2, but for ACE-FTS collocations. An altitude range from 20 to 40 km is covered.
months latitude SCIA SCIA l.t. n MRD min/max/avg [%] MRDcorr min/max/avg [%]
range SZAs am(pm) SS/SR all SS SR SS SR
DJF 90◦N - 60◦N 77.7-89.8 10.9(12.7) 53/23 -51/11/-5 -32/13/-2 -90/13/-14
60◦N - 30◦N 68.0-84.7 10.3 14/12 -90/3/-20 -75/7/-14 -105/-3/-28 -57/9/-9 -61/4/-17
30◦N - 30◦S 36.2-44.8 9.4 0/13 -21/18/1 n<10 -21/18/1 n<10 -5/25/11
30◦S - 60◦S 44.6-47.4 8.9 3/6 n<10 n<10 n<10 n<10 n<10
60◦S - 90◦S 48.9-58.0 8.2 5/0 n<10 n<10 n<10
MAM 90◦N - 60◦N 44.4-89.6 11.1(15.3) 385/104 -28/6/-3 -35/5/-6 -16/11/3
60◦N - 30◦N 27.0-59.8 10.2 18/42 -12/10/2 -28/1/-9 -8/15/6 -32/3/-8 -4/19/9
30◦N - 30◦S 25.1-50.2 9.5 5/29 -25/17/5 n<10 -26/17/5 n<10 -11/25/14
30◦S - 60◦S 50.8-89.1 8.7 18/20 -33/10/-1 -24/15/6 -35/8/-4 0/22/14 -22/14/3
60◦S - 90◦S 66.4-89.2 7.8 45/106 -48/14/-3 -17/41/16 -50/12/-6
JJA 90◦N - 60◦N 39.8-87.1 10.4(20.0) 114/0 -8/7/4 -8/7/4 n<10
60◦N - 30◦N 26.7-41.8 10.0 31/14 -7/17/8 -7/16/8 -5/18/10 0/19/10 5/23/16
30◦N - 30◦S 26.8-50.5 9.4 3/31 -33/13/-2 n<10 -30/13/-1 n<10 -13/20/7
30◦S - 60◦S 60.7-89.0 8.8 20/36 -63/24/-3 -43/26/4 -74/25/-7 -9/28/12 -23/31/6
60◦S - 90◦S 83.7-88.7 8.4 0/10 -4/46/26 n<10 -4/46/26
SON 90◦N - 60◦N 55.6-88.3 11.0(12.8) 180/229 -34/11/-3 -42/11/-3 -33/12/-3
60◦N - 30◦N 40.5-81.2 10.3 16/45 -18/12/2 -50/15/-5 -15/12/3 -32/19/0 -6/16/9
30◦N - 30◦S 26.6-33.6 9.2 4/32 -69/16/-7 n<10 -70/16/-7 n<10 -58/24/0
30◦S - 60◦S 33.8-53.6 8.8 0/71 -30/10/-5 n<10 -30/10/-5 n<10 -18/15/0
60◦S - 90◦S 51.4-86.3 8.2 8/56 -19/1/-7 n<10 -19/2/-7
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Higher NO2 values at lower altitudes are one of the reasons for mostly smaller rel-
ative differences at high latitudes. Additionally, the SCIAMACHY measurements at
high latitudes feature higher SZAs (about 70◦ to slightly below 90◦) compared to mea-
surements in the tropics, where a SZA of 30◦ is common. This means a smaller pho-
tochemical correction of the profiles. Contrary to HALOE and SAGE II, collocations
with ACE-FTS allow to compare NO2 amounts during high latitudes winter (90
◦N to
60◦N in D,J,F), i.e., for very low NO2 amounts with maximum values smaller than
1.0× 109molec cm−3 and large SCIAMACHY SZAs (77.7◦ to 89.8◦). In this case, the
MRDs are comparably high (-51% to 11% at 20 to 40 km), see Table 4.4, which means
that large SZAs do not automatically yield low MRDs.
NO2 concentrations change rapidly at daybreak and change much less during the
day at most altitudes investigated here. Still, the photochemical correction method
can not be excluded as a significant error source. Also, the altitude range of the three
occultation instruments varies and the number of averaged profiles is also smaller at
low altitudes. For example, 572 HALOE profiles are averaged at most altitudes in the
tropics. This number decreases to 563 at 18 km and further to only 492 valid profiles at
15 km. However, these numbers are still reasonably high. It is worth mentioning that
the profiles were not smoothed, i.e. differences in resolution have not been accounted
for. Also, estimating the change of including the diurnal effect error in photochemi-
cally corrected profiles results in improvements for sunset measurements of SAGE II
and both sunset and sunrise measurements for ACE-FTS at 25 km and below, where
the diurnal effect error shows the highest values.
Table 4.5 presents MRDs for all instruments (as given in Tables 4.2 to 4.4) averaged
either over all seasons or over all latitude bins. In addition, the MRDs averaged over
the whole globe all seasons (i.e., the complete data set) are given as a reference for
20 to 40 km and 25 to 35 km. If these values are considered, the reader is strongly
recommended to take the MRDs of the individual latitude/seasonal bins into account,
since negative and positive relative differences may cancel each other out. This is
especially true for the MRDs in the all latitudes/all seasons scenario, which results
in MRDs smaller than 20% or even 10% as a consequence of averaging. In the right
column of Table 4.5, standard deviations for the relative differences of all altitudes
and collocations are given for each subset. Both at 90◦N to 60◦N and in NH summer,
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standard deviations of less than 20% are seen for all instruments. In the tropics, the
standard deviations can exceed 30%.
MRD values obtained after applying the diurnal scaling are denoted as MRDcorr. in
Tables 4.2 and 4.4. As the diurnal scaling only improves the agreement below 25 km
(with the exception of SAGE II sunrise), the MRDcorr. values for 20 to 40 km are not
always smaller than those without the diurnal scaling.
To estimate the bias of SCIAMACHY NO2, the MRDs at 25 to 35 km and the case
of all seasons and all latitudes are investigated. It should be noted, that the bias for
individual seasons and latitudes may be different. Below 25 km, diurnal effect errors
and other error sources have a strong influence on the result, so the bias is difficult
to determine at these altitudes. For SAGE II sunset results, an average MRD of -6%
remains, i.e. photochemically corrected SAGE II NO2 amounts are higher than SCIA-
MACHY NO2 on average. In Bracher et al. (2005), SAGE II NO2 values were found
to be high in comparison to SCIAMACHY with MRDs of −10% to −35% between
20 and 38 km. However, these values apply only to a subset of measurements with a
SZA range of 60 to 70◦, only sunset measurements and only for the year 2003. If we
limit the collocations for the SAGE II comparisons by applying similar restrictions, the
MRD values lie between−7% and−30%, on average−17%. If theMRDs are normal-
ized with respect to the particular SAGE II profile as in Bracher et al. (2005), the MRD
values lie between −8% and −39%, which agree very well with the known results.
For HALOE, a global comparison including all seasons at 25 to 35 km shows a
small average MRD of only −2%. In Gordley et al. (1996), no obvious bias was found
between 25 and 40 km. If the same calculation is done for ACE-FTS (MRD globally,
all seasons, 25 to 35 km), a 5% average MRD is found. For altitudes between 25 and
40 km, a negative bias of about 10% is estimated by Kerzenmacher et al. (2008) for
ACE-FTS, which agrees qualitatively with our results. From the results of the three
instruments, a low bias for SCIAMACHY NO2 between 0 and -5% is most likely, al-
though it is strongly recommended to not underestimate the influence of the uneven
distribution of collocations in each validation set on this result.
Regarding standard deviations, these are found for all three satellites to be smaller
than 20% in the global/biannual mean comparison at 20 to 40 km, and smaller than
17% between 25 and 35 km. In NH summer (June, July and August), standard devia-
tions are less than 20% globally, which is also the case for all season subsets between
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Table 4.5: Mean relative differences (MRD) for all comparisons at 20 to 40 km. Standard
deviations (STDEV) are calculated for each subset of collocations in the given altitude
range.
months latitude MRD min/max/avg [%] STDEV
range all SS SR [%]
SAGE II
all 90◦N - 60◦N -37/-3/-10 -37/-3/-10 n=0 14
all 60◦N - 30◦N -17/8/-2 -52/-6/-21 1/18/9 29
all 30◦N - 30◦S 4/24/14 -46/2/-15 12/54/28 34
all 30◦S - 60◦S -27/8/-5 -60/-2/-20 -13/18/4 28
all 60◦S - 90◦S -8/14/5 n=0 -8/14/5 19
DJF 90◦N - 90◦S -13/10/1 -60/-10/-28 -7/19/8 25
MAM 90◦N - 90◦S -9/7/0 -33/-4/-13 2/23/12 26
JJA 90◦N - 90◦S -22/2/-4 -36/-2/-10 1/27/14 20
SON 90◦N - 90◦S -9/6/-2 -24/-1/-12 4/22/11 24
all 90◦N - 90◦S -11/5/-2 -33/-4/-12 0/22/11 23
all, 25 to 35 km -4/5/1 -10/-4/-6 3/18/9 17
HALOE
all 90◦N - 60◦N -19/12/-4 -22/8/-6 -13/17/-2 17
all 60◦N - 30◦N -4/35/8 -9/34/2 -1/36/13 29
all 30◦N - 30◦S 3/35/15 -8/68/12 7/31/16 33
all 30◦S - 60◦S -7/32/7 -11/43/3 -5/28/9 30
all 60◦S - 90◦S -11/0/-5 -24/-5/-13 -10/1/-4 22
DJF 90◦N - 90◦S -7/9/2 -14/14/-4 -4/14/4 27
MAM 90◦N - 90◦S -6/15/2 -29/18/-3 -4/13/4 25
JJA 90◦N - 90◦S -8/14/0 -12/5/-5 -4/25/5 18
SON 90◦N - 90◦S -4/12/3 -7/18/1 -2/13/5 25
all 90◦N - 90◦S -6/12/2 -10/12/-3 -3/13/4 24
all, 25 to 35 km -6/6/-2 -10/1/-6 -3/8/1 17
ACE-FTS
all 90◦N - 60◦N -17/8/-1 -20/6/-1 -19/11/-1 18
all 60◦N - 30◦N -15/12/3 -16/10/1 -14/13/4 17
all 30◦N - 30◦S -42/15/-2 -47/16/-3 -41/15/-2 28
all 30◦S - 60◦S -34/14/-2 -28/20/5 -35/12/-4 24
all 60◦S - 90◦S -33/10/-3 -14/26/10 -35/8/-5 22
DJF 90◦N - 90◦S -38/10/-3 -27/10/-2 -56/15/-6 27
MAM 90◦N - 90◦S -20/9/-2 -27/6/-4 -18/12/1 20
JJA 90◦N - 90◦S -3/12/5 -5/10/5 -27/17/3 14
SON 90◦N - 90◦S -31/10/-3 -42/11/-3 -30/10/-3 21
all 90◦N - 90◦S -20/10/-1 -15/8/0 -25/12/-1 20
all, 25 to 35 km -2/10/5 3/8/6 -6/12/4 13
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90◦N and 60◦N, while between 60◦S and 90◦S standard deviations are less than 22%.
However, in tropics, standard deviations can exceed 30%.
4.1.2 Balloon borne measurements
The measurements considered here have already been used for validation of former
versions of SCIATRAN, see Butz et al. (2006). More background information can be
found in section 2.5.4. The balloon retrievals are already photochemically corrected
by Butz et al. (2006), so the corrected results from these measurements are used here
as well.
In Figures 4.10 and 4.11 comparisons between balloon and satellite measurements
are shown. Details on the balloon borne measurements and corresponding SCIA-
MACHY observations are presented in Table 4.6. The yellow area marks the range
with coincident air masses, as determined from air mass trajectory calculations. The
grey area marks the error range for the balloon borne measurements (black), which
have also been smoothed as described in section 2.5.4. Version 3.1 retrieval results are
shown with blue triangles, while the modified version V3.2 results are shown in red
including error bars.
Although one has to be concerned about potential problems in the tropopause re-
gion as the model used for photochemical corrections is known to be less accurate at
the altitude below 15 km, the agreement in Fig. 4.10 between SCIATRAN retrievals
and balloon measurements is good. The results from the improved version do not
reveal a significant difference in these examples as compared to V3.1. The error bars
resulting from theoretical precisions for the improved SCIATRAN retrievals are of the
same order of magnitude as for the profiles retrieved from the balloon borne measure-
ments.
The agreements for measurements shown in Fig. 4.11 are also good. However,
these results are mainly useful for the stratospheric region, as the altitude range with
coincident air masses starts at an altitude of 17 km in the lowermost case. It is cur-
rently not feasible to interpret the difference in NO2 outside the altitude range with
coincident air masses.
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Balloon flight Location Geophysical Available Satellite coincidence Altitude Time Spatial
date, time/ UT condition datasets orbit, date, time/ UT range/km delay/h distance/km
04 Mar. 2003 Kiruna high lat. spring SO: LPMA 5273, 4 Mar., 11:05 20-30 -5.1 369-496
13:20-16:17 67.9◦ N, SZA: 71.1◦-94.1◦ 5285, 5 Mar., 7:17 23-24 +15.3 498-499
21.1◦ E
23 Mar. 2003 Kiruna high lat. spring BA: LPMA, 5545, 23 Mar., 11:07 18-28 -5.2 268-496
14:47-17:28 67.9◦ N, SZA: 78.9◦-94.7◦ DOAS 5558, 24 Mar., 9:01 19-29 +17.4 10-495
21.1◦ E SO: LPMA, 5545, 23 Mar., 11:07 20-30 -6.2 63-458
DOAS 5558, 24 Mar., 9:01 17-30 +16.0 256-453
9 Oct. 2003 A. s. l’Adour mid-lat. fall BA: DOAS 8407, 9 Oct., 9:51 17-31 -6.5 738-988
15:39-17:09 43.7◦ N, SZA:72.0◦-87.8◦ 8421, 10 Oct., 9:20 25-33 +17.2 547-977
0.3◦ W
24 Mar. 2004 Kiruna high lat. spring BA: DOAS 10798, 24 Mar., 10:35 12-33 -5.4 371-499
14:04-17:31 67.9◦ N, SZA: 74.5◦-95.3◦ 10812, 25 Mar., 10:04 6-16 +19.9 32-485
21.1◦ E SO: DOAS 10798, 24 Mar., 10:35 10-33 -6.9 191-436
10812, 25 Mar., 10:04 10-20 +16.7 301-475
17 June 2005 Teresina tropical winter BA: DOAS 17240, 17 June, 11:53 25-30 -8.1 382-491
18:32-21:13 5.1◦ S, SZA: 60.6◦-95.8◦ 17255, 18 June, 13:02 5-33 +18.4 6-490
42.9◦ W SO: DOAS 17240, 17 June, 11:53 23-32 -9.1 519-971
17255, 18 June, 13:02 8-33 +16.2 12-496
Table 4.6: Background information for Figures 4.10 to 4.11. This table lists LPMA/DOAS O3 and NO2 profile measurements
and the coincident Envisat/SCIAMACHY overpasses. Balloon borne solar occultation measurements are abbreviated as SO, and
balloon ascent measurements as BA. Source: Butz et al. (2006)
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Figure 4.10: Four measurements showing a comparison of balloon borne photochemically
corrected measurements with the two SCIAMACHYNO2 profile retrievals V3.1 and V3.2,
respectively. All measurements in this figure have been performed at Kiruna, 67.9◦ N,
21.1◦ E.
4.1.3 CARIBIC
As described in section 2.5.5, only longitudinal comparisons are possible with CARIBIC
observations, due to the measurement setup. No vertical profiles of NO2 are gener-
ated. The results can be seen in Fig. 4.12. Photochemically corrected NO2 values for
the CARIBIC data are provided. They are calculated with MESSy (part of the climate
model EMAC, see section 2.5.6) and shown as green solid line in the graph. As cloud
information is available through the SCODA algorithm (see section 2.3), all measure-
ments, for which clouds are detected, are discarded from this comparison.
From the available measurements only those data sets are shown, which feature a
significant number of coincident SCIAMACHY measurements and are also not con-
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c) Teresina 17. Jun 05 DOAS, sunset
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Figure 4.11: A comparison similar to Fig. 4.10 is shown. (a) and (b) are observed above
Aire sur l’Adour (43.7◦ N, 0.3◦ W), while (c) and (d) show measurements from Teresina
(5.1◦ S, 42.9◦ W).
taminated by clouds. Good agreement is found between the SCIATRANNO2 retrieval
results and the CARIBIC results. The different measurement setups lead to difficulties
in the comparison. While CARIBIC provides a continuous stream of NO2 values along
the flight path, only point values from the number of coincident SCIATRANNO2 pro-
files can be used for comparison. Good agreement is also found between SCIATRAN
NO2 V3.1 results and results from the improved version V3.2. In general the values
from the improved version are larger in the presented cases, which leads to a better
agreement in some although not in all measurements investigated here.
CARIBIC remains an important source for validation and although it is not suitable
for validation of vertical NO2 profiles, NO2 concentrations in the UTLS altitude region
can be compared to CARIBIC results.
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Figure 4.12: A selection of CARIBIC flights compared with results from the standard NO2
retrieval and the improved NO2 retrieval. The x-axis shows the NO2 amount in pptV.
4.1.4 SPURT
As described in section 2.5.5, SPURT is an interesting validation source, although the
NO2 values have to be computed from in situ NO measurements. This is performed
using the EMAC model framework (see section 2.5.6). Cloud masking has been ap-
plied in the same manner as for section 4.1.3.
Results can be seen in Fig. 4.13 and 4.14. Reasonable agreement is found between
SCIATRANV3.1 NO2 and the NO2 values calculated from SPURT. This is also the case
for the improved version. Themost significant difference between the two SCIATRAN
versions is the improved precision in the version V3.2. For a correct interpretation it
is important to notice, that the vertical axis in these figures is given in pressure levels,
not in km.
Since the method of obtaining NO2 values is completely different compared to the
other validation sources discussed here, SPURT results are an important validation
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 SPURT: 8, 124490 - 125390
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Figure 4.13: A comparison is shown between SCIATRAN V3.1 NO2 retrievals (red), re-
trieval results using the improved version V3.2 (blue) and NO2 values (green) calculated
from SPURT NO with the EMAC/MESSy framework.
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Figure 4.14: See Fig. 4.13 for a description. In this case, three of the four measurements
from SCIAMACHY orbit 6046 and state id 09 are collocated with the SPURT measure-
ment.
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data source. The agreement between SCIATRAN and SPURT is rated as very promis-
ing.
4.2 Case studies: lightning events
Since the goal of this work is to improve the NO2 retrieval sensitivity in the UTLS
region, a comparison with results from a different work, following similar aims is
meaningful. In Sioris et al. (2007) a retrieval algorithm is used, which is optimized for
UTLS retrievals and described in section 2.4. The focus is to retrieve single profiles for
cases with very high local NO2 values instead of averaging a number of profiles as in
the present work.
It is worth to investigate if the improvedNO2 retrieval V3.2 described in the present
work is capable of detecting the reported NO2 enhancements. Due to a relatively
coarse vertical resolution of SCIAMACHY no sharp peak restricted to single altitude
levels can be detected. One rather expects to obtain NO2 values which are increased
around 12 km altitude when compared to the neighboring measurements.
The obtained results are shown in Fig. 4.15. An NO2 enhancement around 12 km
can be seen in the middle plot (state 26), which is not seen for neighbouring states
in the same plot (states 25 and 27, left and right panel). The grey line shows the a
priori profile used for this retrieval. Results from the unmodified SCIATRAN NO2
V3.1 retrieval are shown by black lines. The black NO2 profile already features larger
values in state 26 as compared to the neighbouring states. For the red curve, which
is the modified SCIATRAN NO2 retrieval, the result shows a peak at about 12 km to
13 km. The peak retrievedwith the method described in Sioris et al. (2007) for the same
SCIAMACHY state has a value of about 2± 1.5 ∗ 109 mol./cm3. It is also important to
note, that clouds are detected for this state, but only at 8 to 9 km. As seen in section
3.1.1 clouds can lead to influences on the results even if the cloud is located outside the
field of view. Judging from the cloud sensitivity studies, the retrieved NO2 amount
should be slightly smaller than the NO2 detected in a hypothetical cloud-free scenario.
If the focus is on lightning events, a cloud- free scenario is very difficult to obtain.
The satellite based lightning image sensor (LIS) provides a picture of the event
from space, see Fig. 4.16. This observation verifies the detection of a lightning event at
this location and time.
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Figure 4.15: This figure shows retrieval results for a lightning event on the 15.03.2005,
26.29◦ South, 75.11◦ East, South Indian Ocean. The event is also investigated in Sioris
et al. (2007).
Figure 4.16: This picture has been made using the lightning image sensor (LIS) aboard the
TRMM (Tropical Rainfall Mission), NASA. It shows the lightning event from Fig. 4.15.
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Although the modified SCIATRAN NO2 retrieval V3.2 is not optimized for the
detection of individual strong NO2 peaks in single profiles it is capable of detecting
the local NO2 enhancements for the same lightning event as the method described
in section 2.4. Although the retrieved value is smaller, the error bars of the retrieval
methods are comparably large, so the precise value is difficult to determine.
4.3 Case studies: flight corridors
One of the aims of the present work is the detection of enhanced NO2 values in the
UTLS altitude region. While lightning events, volcanic eruptions and biomass burn-
ing events with stratospheric injections are strongly localized sources, there are other
emissions responsible for NO2 enhancements, which are weaker, but more stable. A
large number of profiles can be averaged to allow the investigation of enhanced NO2
concentrations, which are more challenging to detect in single vertical profiles due to
measurement errors and retrieval uncertainties.
Using the current product retrieval version of SCIATRAN V3.1 (see section 2.4),
SCIAMACHY limb profiles from autumn 2002 to 2007 have been retrieved, which
provides a large data source which can be used for averaging of NO2 profiles. In the
context of this work, autumn spans the months September, October and November,
known as meteorological autumn. In addition, the improved limb retrieval V3.2 (see
section 3.3.2) has been used to generate a data set for a limited time frame and a limited
coverage, mainly over the North Atlantic region.
For the averaging approach, in most cases 5◦ × 5◦ areas are chosen, and within the
selected time frame the profiles with coordinates inside this area are used for arith-
metic averaging. If the number of profiles taken into account for averaging inside
a chosen area is too small, individual outlying profiles with too high values due to a
very large emission source or other reasons can be misleading, especially if other areas
provide far more profiles for averaging.
The program code also has the ability to perform cloud masking. Cloud detec-
tion results created with the method described in section 2.3 are already included in
SCIATRAN NO2 V3.1 product results.
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Figure 4.17: This figure shows an area over the North Atlantic Ocean. NO2 V3.1 retrieval
results are shown for an altitude of 12 km, averaged over 5◦ × 5◦ areas for meteorological
autumn and 2002 to 2007.
Seasonal averages over several years
In the time frame of SCIAMACHY measurements there is no period known, when
air traffic was considerably reduced. To obtain the largest possible benefit from the
retrieved datasets it is therefore advantageous to average over several years for one
season. Since photochemical corrections are not applied to the data set, it is necessary
to treat each meteorological season individually, as NO2 amounts can vary consider-
ably from season to season at the respective time of day of SCIAMACHY overpass.
The results from SCIATRAN NO2 V3.1 for a selected region over the North At-
lantic are seen in Fig. 4.17 for an altitude of 12 km. Profiles for six years are averaged
over 5◦ × 5◦ bins. Cloud contaminated profiles are not used, so clouds inside the field
of view do not change the results, while clouds outside the field of view are not con-
sidered by this method.
There is good agreement with the North Atlantic flight corridor in Fig. 2.7, which
shows flight corridors based on fuel consumption by airplanes. The area of interest
is the latitude range from about 50◦ to 55◦ North. From the results of section 3.3.1 it
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Figure 4.18: The number of averaged profiles for each 5◦ × 5◦ area used in Fig. 4.17 are
shown here. The number of averaged profiles varies from about 60 to above 200. A grey
scale is chosen to avoid confusion with measurement results.
can be estimated, that airplane emissions should be detected as an increase of about
1.0∗108 mol./cm3. The enhancements seen in Fig. 4.17 are of the same order of mag-
nitude.
In order to investigate if the pattern is related to the number of averaged profiles,
another plot is created (see Fig. 4.18). The patterns in this contour plot and in Fig. 4.17
do not correlate, indicating that there is no such relation. The analysis of the averaged
number of profiles is more important when only a monthly mean or a seasonal mean
for only one year is considered.
One data source is available for comparisons. The global-coupled chemistry-trans-
port model EMAC provides the necessary information, see section 2.5.6 for a descrip-
tion. Instead of performing photochemical corrections, model output was selected for
the 9-12 hour time period, overlapping the ENVISAT overpass times of about 10 - 12h.
Results for the North Atlantic region for the 1st September to 31st December in 2003
are shown in Fig. 4.19. There is a difference of one month as compared to the satellite
data analysis, since the meteorological autumn was considered for Fig. 4.17, which
includes the months from September to November, but not December.
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Figure 4.19: Simulated NO2 concentrations for 2003, 1st September to 31th December,
EMAC (see section 2.5.6). For comparisons with Fig. 4.17 consider the different longitudi-
nal coverages. Figure provided by Peter Hoor, personal communication
A similar pattern as in Fig. 4.17 is seen in the model results (Figure 4.19), and also
the longitudinal gradient is visible in Figure 4.19. In both cases there is a tendency
for higher NO2 values in the West. The model simulations provide the additional
opportunity to investigate the contribution from airplane by emissions by using sev-
eral model runs, in which the amount of airplane emissions is changed. The result is
displayed in Figure 4.20.
In the model, the contribution from airplane emissions is highest in the Eastern
part of the flight corridor, while different sources are responsible for the comparably
high NO2 values in the West. Another possible explanation for the longitudinal gra-
dient can be related to flight altitudes. As seen for the CARIBIC experiment, flight
altitudes change depending on the flight direction. In flights with the CARIBIC exper-
iment the airplanes remained between 11 km and 12 km flight altitude, while flying
over the North Atlantic from West to East, see Fig. 2.17. However, in flights from East
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Figure 4.20: Simulated influence from aviation using the EMAC framework, see section
2.5.6. The covered area is similar to Fig. 4.19, but starts at 100◦ West. Twomodel runs were
created, one with full consideration of aviation emissions and a second one where the
simulated aviation emissions were reduced by 5%. This plot shows the difference between
the two cases in 108 molec./cm3. Figure provided by Peter Hoor, personal communication
to West, the airplanes changed their flight altitude along the flight track. Only some
of them flew in this altitude range west of 40◦W. Considering the model results from
Fig. 4.20 this explanationmight not be sufficient and other emission sources seem to be
responsible for the gradient, as the contribution from airplanes is weaker in the West
in the model results. In regions with high emissions for example, it is possible that
emissions reach the lower stratosphere under certain conditions, as has been shown
in Stohl et al. (2003). Still, the agreement between model results and retrieved NO2
results is very promising.
In section 2.1, the Noxon cliff is mentioned, which can basically be seen as a very
strong NO2 gradient at latitudes around 40
◦N to 45◦N. It is however unlikely, that
the North Atlantic flight corridor is simply the Noxon cliff. Firstly, there is a steep
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gradient at 40◦N to 45◦ N in figure 4.17, which might be related to the Noxon cliff,
and the pattern in the North Atlantic flight corridor is seen at latitudes about 50◦N to
55◦N. Secondly, the Noxon cliff is most prominent the in the winter season, while here
autumn conditions are discussed. And thirdly, as mentioned in Wenig et al. (2004), the
Noxon cliff is most distinct over continents, while here measurement over the North
Atlantic region are investigated here. Although the last point is arguable, as only the
lower part of the stratosphere is subject to the investigation here, it is unlikely, that
the enhanced NO2 pattern between 50
◦N to 55◦N in Figure 4.17 is resulting from the
Noxon cliff.
Influence of cloud masking
From the simulations discussed in section 3.1.1, which give an estimate for the influ-
ence of clouds on the retrieval results, it is expected that clouds in the field of view
lead to reduced values in the retrieved NO2 profiles. However, some NO2 sources
such as airplanes (contrails) and lightning are linked to clouds. Therefore it is not
clear, if cloud masking leads to increased NO2 values in an averaged plot. Two aver-
aged data sets are now compared. The only difference is the cloud masking feature,
which is applied in one case, but is switched off in the second case. For simplicity, the
scenario from Fig. 4.17 is chosen, as it has already been discussed. The corresponding
results without cloud masking are shown in Fig. 4.21.
The general patterns and NO2 structures do not vanish, when cloud contaminated
profiles are included. The main difference between both figures are the detected NO2
amounts. The maximum close to Spain as well as the values in the flight corridor are
lower. This is consistent with the expectations from section 3.1.1, where all simulations
with different cloud scenarios resulted in lower NO2 values in the UTLS region. The
difference between the two figures can be seen in Figure 4.22.
In order to investigate, if more clouds are detected in certain areas, Figures 4.18
and 4.23 are compared. More than half the available profiles are usually discarded by
cloud masking, and the southern parts seem to be more affected by cloud masking.
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Figure 4.21: The conditions (coordinates, retrieval settings, time frame) are identical to
Fig. 4.17. The only difference is the cloud masking, which has been switched off.
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Figure 4.22: The absolute difference between NO2 amounts from Figure 4.17 and 4.21 is
plotted, i.e. averaged NO2 profiles with cloud masking applied minus the averaged NO2
profiles without cloud masking
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Figure 4.23: The number of averaged profiles for each 5◦× 5◦ area in this figure are higher
than those in Fig. 4.18, where cloud masking is applied. About half the profiles were
discarded, so the color bar reaches up to 400 averaged profiles in this case.
Comparison of averaged plots for different seasons
Similar to Figure 4.17, an average plot for the years 2003 to 2006 for spring is presented
in Figure 4.24 including the months March, April, and May. The results are consider-
ably different compared to the autumn season. This is expected because of different
photochemical conditions and other seasonal differences. Compared to Fig. 4.17, the
color bar is adjusted to 9 ∗ 108 mol./cm3 from 3 ∗ 108 mol./cm3. For this figure 13,152
profiles were available, and 6,743 have been discarded due to cloud masking.
A very strong latitudinal gradient is revealed, which is not seen for Autumn in the
same order of magnitude. To investigate this more closely, a vertical plot is created,
in which the profiles for all longitudes are averaged in 5◦ latitudinal steps, so that the
average vertical profile for a certain latitude band can be displayed, see Fig. 4.25.
The latitudinal gradient is not related to a phenomenon restricted to the the UTLS
region. Values greater than 1 ∗ 109 mol./cm3 reach down to lower altitude region at
latitudes north of 60◦N, with a value greater than 5 ∗ 108 mol./cm3 at 15 km at a lati-
tude of 65◦N. Applying latitudinal cross sections to the averaged plots in Fig. 4.26, the
gradient becomes visible and in addition, the NO2 enhancement in the flight corridor
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Figure 4.24: This plot shows averaged profiles for an altitude of 12 km for the years 2003
to 2006 for the months March, April and May. Cloud masking is applied, and the settings
are otherwise identical to Fig. 4.18.
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Figure 4.25: For each 5◦ latitude bin all profiles in the longitude range 60◦ West to 0◦ West
are averaged and the vertical NO2 profiles are plotted. All Spring seasons are included
for the years 2003 to 2006.
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around 50 to 55◦N is also recognizable as a small peak. This peak is in the right order
of magnitude, as a 1 ∗ 108 mol./cm3 enhancement is expected from sensitivity studies.
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Figure 4.26: The NO2 spring time average conditions are plotted vs. latitude for four
selected longitude bins to investigate the latitudinal gradient.
In order to discuss all seasons, winter and summer also need to be investigated
with the same methods. Meteorological Winter (December, January and February)
averaged for the years 2002 to 2006 exhibits the lowest overall NO2 values at 12 km,
with no averaged bin having a value larger than 1 ∗ 108 mol./cm3, as seen in Fig. 4.27.
In total, 8353 out of 17768 have been discarded by cloud masking.
Low values are not only retrieved near the tropopause height, as can be seen in
Fig. 4.28. The profiles are of smaller overall magnitude compared to other seasons.
There is no reason to assume lower emissions from anthropogenic sources in the Win-
ter season.
The differences from season to season are significant. As mentioned in section 2.1,
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Figure 4.27: This plot shows averaged NO2 amounts at an altitude of 12 km for the me-
teorological winter of the years 2002 to 2006. Cloud masking is applied, and the settings
are otherwise identical to Fig. 4.17.
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Figure 4.28: For each 5◦ latitude bin all profiles in the longitude range 60◦ W to 0◦ W are
averaged and the vertical NO2 profiles are plotted. All Winter seasons are covered for the
years 2002 to 2006.
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the chemistry and dynamics leading to this variation is basically taking place in the
lower stratosphere. Enhanced NO2 levels at higher latitudes during summer are ex-
pected, as well as very low NO2 levels in winter.
As seen in Fig. 3.14, with a background of lower NO2 amounts an enhancement
of NO2 from anthropogenic sources (e.g., airplanes, stratospheric injection) should
be easier to detect. This is, however, not the case in the winter results (Figure 4.27).
The explanation is, that this NO2 from local anthropogenic sources is exposed to the
same conditions and reactions, that lead to the small background NO2 levels in the
stratosphere. Under the conditions of short sunlight periods, long nights and low
temperatures, the NO2 is converted to reservoir species during the night (N2O5). NO2
is thus more difficult to detect, because it is not accumulated as in other seasons.
There are further reasons for the low values. One aspect to consider again is the
influence of clouds, as mentioned in section 3.1.1. While measurements with clouds in
the field of view are sorted out, clouds below the field of view still have a significant
influence and lead to reduced NO2 amounts. This influence is dependent on the SZA,
and the SZA is different for typical measurements from season to season. While in a
summer scenario, e.g., an SZA of 35◦ is common, the SZA can be 70◦ for the same re-
gion and the same daytime in winter. As a consequence, clouds have more significant
influence in winter.
It is not expected, that anthropogenic emissions are lower in winter season, but a
tropopause height shifted downwards might also contribute to lower NO2 values in
winter. In that case, anthropogenic emissions could be outside the sensitivity range.
The tropopause height can be determined from temperature profiles from ECMWF
data sets (i.e., the same dataset as used in section 3.2.2). For comparison, tropopause
heights from a 1.5◦ × 1.5◦-grid are averaged for a selected region. For 2003 and the 3
months each of meteorological winter and autumn, the monthly averaged tropopause
height is shown in Table 4.7 for the North Atlantic region covered by Fig. 4.27. Values
smaller than 7 km and higher than 15 km are not considered. The average tropopause
height for the winter months (December, January and February) is 10.7 km. In autumn
(September, October and November) it is higher with 11.2 km. The tropopause height
is variable in time and region. For many days the standard deviation for the average
over the region is larger than 2 km. The tropopause height also changes with time, and
the deviation for the monthly means is also significant (see Table 4.7). This seasonal
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month averaged tropopause height [km] standard deviation [km]
December 11.0 0.4
January 10.8 0.6
February 10.4 0.5
September 11.5 0.4
October 11.4 0.4
November 10.6 0.4
Table 4.7: Averaged tropopause heights for the year 2003 and the region from 40◦ N to
70◦ N and 60◦ W to the Prime Meridian at 0◦.
change in tropopause altitude helps to understand lower NO2 values in winter, as
NO2 concentrations from the troposphere are less likely to reach higher altitudes.
All in all, the first explanation (denoxification) is the most important for the disap-
pearance of the pattern of enhanced NO2 in the flight corridor in the winter season.
In summer, the NO2 values are highest. Although the maximum NO2 amounts
are larger than 9 ∗ 108 mol./cm3 (Fig. 4.29), this values is used as a maximum in order
to use the same scale as for spring, see Fig. 4.24. Due to the steeper latitudinal NO2
gradient, enhanced NO2 levels from anthropogenic emissions are difficult to detect.
The seasonal comparisons show, that a strong variation can be seen in NO2. It
is therefore difficult to compare results from different seasons and thus important to
investigate the averaged NO2 amounts for single seasons separately. This proves to be
a promising field for photochemistry corrections. A sufficiently well tested algorithm
suitable for the tropopause region should be used to allow a comparison of different
seasons and to give a realistic estimation of the NOx concentrations.
North Atlantic region investigated using SCIATRAN version V3.2 improved
for UTLS
The Autumn season in 2003 and the North Atlantic altitude region are selected for
retrievals with the improved SCIATRAN version V3.1 described in section 3.3. The
profiles are averaged using the same latitude/longitude-grid as before in section 4.3.
For comparison, the same area and time frame is considered for both, the improved
version V3.2 and for SCIATRAN NO2 version V3.1. Overall, 1321 of 3213 profiles
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Figure 4.29: This plot shows averaged profiles for an altitude of 12 km for the summer of
the years 2003 to 2007. Cloud masking is applied, and the settings are otherwise identical
to Fig. 4.18.
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Figure 4.30: For each 5◦ latitude bin all profiles in the longitude range 60◦ West to 0◦ West
are averaged and the vertical NO2 profiles are plotted. All Summer seasons are covered
for the years 2003 to 2007.
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Figure 4.31: In 5◦ × 5◦ bins NO2 profiles are averaged and the result is shown for the
altitude of 12 km. Compared to Fig. 4.17 the time range is restricted. Only profiles from
Autumn 2003 are considered. The NO2 profiles are retrieved using the modified version
V3.2 from section 3.3.
are discarded due to cloud contamination. The results are shown in Fig. 4.31 for the
modified SCIATRAN V3.2 and in Fig. 4.32 for the standard NO2 V3.1 retrieval.
Compared to Fig. 4.17 the resulting structures of enhanced NO2 are quite different.
The reason for this is the difference in the time frame used for averaging. For Fig-
ure 4.17, three months (meteorological autumn) for six years (2002 to 2007) are used
for averaging, while the time frame is restricted to the same three months of only one
year (2003) in Figures 4.31 and 4.32. Short-lived structures in NO2 concentrations that
are lost in the multi-year averages are preserved here, but NO2 concentration changes
which are present regardless of the investigated year are more difficult to detect in
data of a single year than in longer-term averages.
The modified version results show higher NO2 values in many cases, but also
lower values are found occasionally. There are some differences in the spatial struc-
tures of enhanced NO2, e.g. a new peak at about 47.5
◦ N and 32.5◦ W, that is not seen
in Fig. 4.32. The maximum value at about 47.5◦ N and 47.5◦ W is the maximum in
both figures, but it is also linked to an area, where only nine profiles are available for
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Figure 4.32: The same time frame and region is investigated as in Fig. 4.31. For this figure
SCIATRAN NO2 version 3.1 retrievals are used for averaging.
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Figure 4.33: Number of averaged profiles for each 5◦ × 5◦ bin. This plot is valid for both
Fig. 4.31 and Fig. 4.32.
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averaging, see Fig. 4.33. One can conclude from these figures, that the local maximum
is linked to a local minimum in the number of averaged profiles. Single profiles have
more influence in that case. The retrieved highest single NO2 value for the 12 km
altitude of 6.1 ∗ 108 mol./cm3 is also detected at this location.
Except for this example, the number of averaged plots is generally high enough
with only one outlier of only five averaged profiles at the South-East corner of the
plot. The comparison of Figures 4.31 and 4.32 shows, that the new version leads to
qualitative and quantitative relevant changes, while still maintaining the general spa-
tial pattern seen by the standard NO2 retrieval. An investigation using a longer time
frame and/or different regions is recommended. Fig. 4.31 shows a strong emphasis on
the lower latitude, lower longitude quarter close to the North American continent. It
is also worth to note, that the V3.1 NO2 pattern seen here matches the modelled NO2
amounts (Fig. 4.19) more closely, as it is the case for Figure 4.32.
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5Conclusion
In the present work numerous studies on the quality of SCIAMACHY NO2 retrievals
are performed, and methods to improve the sensitivity of NO2 retrievals in the UTLS
altitude region for limb viewing geometry are investigated and applied.
The performance of the modified retrieval approach as well as of the unmodified
SCIATRAN NO2 limb retrieval is studied in detail. Applying a photochemical correc-
tion, thousands of NO2 profiles from three solar occultation instruments are compared
with SCIATRANNO2 in a sophisticated validation effort. Other validation sources are
investigated as well. In addition, sensitivity studies including clouds, aerosols and
pointing errors are performed. Furthermore, the modification to the current SCIA-
TRAN NO2 limb retrieval is described, which is developed to improve the NO2 sen-
sitivity in the UTLS. Compared to current retrieval approaches the idea to use an ad-
ditional spectral range to improve the sensitivity specifically for the UTLS region is
novel. The influence of clouds in the field of view is studied by synthetic retrievals
and a cloud detection algorithm is available to discard scenes with a significant cloud
contamination. Case studies are performed to investigate NO2 concentrations in the
UTLS region. In the following, the individual parts of this study are summarized.
Before the validation efforts and improvements are discussed, the sensitivity of
NO2 retrievals with respect to different error sources is considered. Using synthetic
retrievals, the influence of several cloud types, aerosol loadings and pointing uncer-
tainties on the retrieved NO2 profiles is investigated.
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Regarding aerosols, the synthetic NO2 retrievals lead to considerably reducedNO2
amounts below 25 km in both the ’aged medium volcanic activity’ and ’fresh high
volcanic activity’-LOWTRAN-scenarios. It is also shown, that the estimated pointing
uncertainty of±200mdoes not lead to significant relative differences inNO2 amounts,
if the NO2 levels are not too low.
In all investigated scenarios the existence of clouds in the field of view results in
reduced NO2 amounts in limb geometry. The altitude dependence is small, i.e., even
clouds at altitudes below 10 km have an influence on the NO2 profile at 20 km in some
scenarios. The cloud influence varies and can result in a 60% reduction of the NO2
values for some SZA and cloud thickness settings. Using these results and additional
simulations for different SZAs the cloud sensitivity can be estimated and together with
a sophisticated cloud retrieval algorithm, cloud correction instead of cloud-masking
might be feasible. Cloud-masking includes only clouds inside the field-of-view of the
instrument. As the sensitivity studies show, clouds outside the field-of-view also have
a small influence on the retrieved NO2 profiles, and those clouds can not be identified
easily using the SCODA algorithm (Eichmann et al. (2009)).
This leads to three conclusions: The profile should be masked even if the detected
cloud is several kilometres below the investigated altitude. Cloud masking cannot
yield results completely free of cloud-contamination, because even clouds at lower
altitudes outside the field-of-view have an influence on the NO2 values. Assuming
unchanged NO2 values in the investigated scenario cloud-masking will lead to higher
averaged values, because the cloud-contaminated NO2 amounts are usually too low.
For the validation of retrieved NO2 profiles an array of different data sources is
used. Balloon-borne measurements and two instruments installed on aircrafts yield
NO2 profiles or NO2 amounts in the UTLS of different quality and resolution, forming
a well-defined basis for validation. Generally, the conclusion drawn from these com-
parisons is that the agreement with both retrieval setups is quite good in the number
of comparisons are available. The main difference between the SCIAMACHY NO2
limb retrieval and the modified retrieval algorithm is usually not the retrieved profile,
but the improved theoretical precisions in many cases, indicating more reliable NO2
profiles. For the validation effort, an algorithm was implemented, which is able to
correct the differences in NO2, that originate from the strong diurnal cycle of NO2.
The performance of this algorithm is also investigated.
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The current product version of SCIAMACHY NO2 limb was validated in detail
using three solar occultation instruments, namely SAGE II, HALOE and ACE-FTS.
All available collocations within two years for each instrument, are taken into account
and several latitudinal regions are investigated in detail for each season. If the altitude
range in the comparison is restricted to 20 to 40 km, mean relative differences between
SCIAMACHY and the other solar occultation instruments are found to be within 20%
to 30%. Mean partial NO2 columns agree typically within 15% for either global sea-
sonal means or zonal yearly means. Larger differences are seen for SAGE II, which
agrees with results presented by other authors. Furthermore, the influence from the
diurnal effect error is investigated, which originates from the changing SZA along the
line of sight during a measurement. This effect can be corrected for several latitude
regions, and the correction leads to improved agreements at lower altitudes (below
25 km) with the exception of SAGE II sunrise measurements. However, SAGE II sun-
rise NO2 amounts were reported to be less reliable and show a significant bias in sev-
eral validation studies. It should be noted, that cloud masking is not applied for this
part of the validation, as the influence on altitudes above 20 km is considered to be
low. Below 20 km, the quality of NO2 profiles from solar occultation instruments de-
clines and should not be used for validation. The loss of two thirds of collocation pairs
would offset the gain from cloud-masking.
From the possible improvements for the retrieval process, the utilization of ad-
ditional spectral region proved to be the most promising approach to enhance the
sensitivity for the UTLS altitude range. For most altitudes, the optimal spectral re-
gion is in the short-wavelength part of the visible range, as the NO2 cross section is
larger. A spectral range somewhere between 420 nm and 470 nm is regarded as opti-
mal for the retrieval of NO2 and used in several retrieval methods (Puk¸i¯te et al., 2008;
Rozanov et al., 2005; Sioris et al., 2007). However, towards the tropopause, absorption
and scattering in the atmosphere emerges as a wavelength dependent problem, i.e.,
longer wavelengths are generally less affected by these retrieval difficulties.
Therefore, the suggested improved retrieval setup is divided into two parts. The
first step is the current SCIATRAN NO2 limb retrieval. The results from the first step
are used as a priori profiles for the modified SCIATRAN setup, which combines the re-
trieval on the 420 nm and 470 nm spectral region with the additional 520 nm to 560 nm
region. By setting strict constraints, the good retrieval results from the standard NO2
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retrieval in the 20 to 40 km altitude region are conserved. In the UTLS region, the
constraints are less strict, allowing the advantages of the two-spectral-region setup to
yield results with better sensitivity. This method is helpful with respect to the problem
of light-scattering, which results from the long light paths in the atmosphere for limb
retrievals in lower altitudes.
Finally, the improved method and its predecessor is used for case studies. The first
case study is the detection of lightning events. Lightning events exhibit large and very
localized NO2 concentrations. The detection of an enhanced NO2 value seen as a local
maximum in a single vertical profile proves to be possible. This shows the capabilities
of the modified approach,as the lightning event can not be observed in the NO2 result
from the standard retrieval.
In the second case study instead of investigating isolated profiles, large numbers
of profiles are averaged to generate a complete overview of the North Atlantic region.
Averaging helps to improve the comparably high uncertainties of the single profiles at
the UTLS region and also reduces the influence of singular events. For example, a local
series of lightning events is deemphasized in a multi-year average, if these lightning
events do not occur in all years or at the same position. Industrial emissions injected
to the stratosphere or emissions from airplanes are present in all years investigated by
SCIAMACHY and will not be smoothed out. Due to the strong seasonal variation of
NO2 the averages are performed for each season separately resulting in quantitatively
different overview plots. Regarding cloud-masking, the influence of clouds meets the
expectations from cloud sensitivity studies.
Enhanced NO2 values in the North Atlantic region are seen for most seasons and
the influences of different sources, mainly industrial emissions transported to the
UTLS region, airplane emissions and lightning events on the NO2 pattern are dis-
cussed. A comparison of the SCIATRAN NO2 retrievals with model results reveals a
striking similarity in NO2 patterns.
The present study improves the understanding of NO2 in the UTLS region and also
investigates the quality of current NO2 limb retrieval in detail. The influence of several
important error sources is discussed and in a vast validation effort the comparison
with thousands of solar occultation NO2 profiles is performed. A new approach for
theNO2 retrieval is presented, which improves the retrieval process specifically for the
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UTLS altitude region. In particular, large data sets are studied for the North Atlantic
region, which reveal NO2 concentration patterns very similar to results from a global
chemistry model. With the help of these results, the knowledge gap between NO2 in
the troposphere and NO2 in the stratosphere can be closed.
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Glossary
AMF air mass factors
CARIBIC Civil Aircraft for the regular investigation of the atmosphere based
on an instrumented container, see Brenninkmeijer et al. (2007)
DOAS Differential optical absorption spectroscopy, see Platt (1994)
ECHAM5 5th generation European CentreHamburg general circulationmodel,
adapted in EMAC
ECMWF European center for medium-range weather forcast
EMAC ECHAM5/MESSy Atmospheric Chemistry model
ENVISAT Environmental Satellite; Earth-observing satellite built by the Eu-
ropean Space Agency (ESA), see section 2.2
HALOE Halogen Occultation Experiment, instrument onboard UARS
LPMA Limb Profile Monitor of the Atmosphere
MESSy Modular Earth Submodel System, part of EMAC
OSIRIS Optical Spectrograph and InfraRed Imager System: satellite instru-
ment onboard the research satellite Odin, see Llewellyn et al. (2004)
PSC polar stratospheric cloud
SCD slant column densities
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SCIAMACHY Scanning ImagingAbsorption Spectrometer for Atmospheric CHar-
tographY; One of the ten instruments aboard ENVISAT, see section
2.2
SCIATRAN Radiative transfer model and retrieval algorithm, see section 2.4.
More information can be found in Rozanov (2012).
SCODA SCIAMACHYCloudDetectionAlgorithm fromLimbRadianceMea-
surements, see section 2.3
SPURT german: Spurenstofftransport in der Tropopausenregion, trace gas
transport in the tropopause region, see Engel et al. (2006)
TH tangent height
TRADEOFF EU project Aircraft emissions: contribution of different climate compo-
nents to changes in radiative forcing - TRADEOFF to reduce atmospheric
impact, see Gauss et al. (2006)
UARS Upper Atmosphere Reseach Satellite; Earth-observing satellite built
by National Space Agency (NASA)
UTLS Upper troposphere/ lower stratosphere altitude region
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